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Abstract 
The volume of fibre reinforced composites is increasing within the automotive industry, 
as stringent emissions legislation and consumer demands for improved fuel economy 
are encouraging manufacturers to reduce vehicular mass. Moreover, the falling cost of 
carbon fibre has meant that these composites are now being considered for semi-
structural and structural components for medium-volume (+50,000ppa) applications in 
Euro Market Segments E and F (Jaguar XF, BMW 7 Series, Mercedes S-Class).  
 
The use of thermoplastic matrices with carbon fibre enables cycle times of less than 
one minute, creating opportunities for high volume manufacture of high specific 
stiffness components. However, the interfacial adhesion between these materials has 
been shown to be poor. This thesis seeks to identify whether polypropylene combined 
with long, discontinuous carbon fibres at high volume fractions, are suitable for high 
volume, semi-structural applications within the automotive industry. In particular, 
fibres recovered using two different recycling methods have been considered, as a 
potential route for reducing future material costs.  
 
Interfacial characterisation has been performed using the microbond method to 
investigate the quality of adhesion between the fibre and matrix, where the effects of 
sizing removal and introduction of a coupling agent have been considered. Fibre surface 
topology and chemistry have been examined to interpret data collected from interfacial 
testing, in addition to fibre strength measurements to assess the validity of the 
microbond method for high interface strength systems. A tow coating rig has been 
developed to produce partially pre-impregnated carbon fibre/polypropylene tows. The 
continuous coated tow has been chopped and processed into random fibre composites 
using non-isothermal compression moulding, and mechanical properties of the moulded 
panels have been characterised.  
 
The interface strength between sized and desized (pseudo-recycled) carbon fibre and 
unmodified polypropylene has been found to be poor. A 295% increase in interfacial 
shear strength (IFSS) is observed with the addition of 2wt.% maleic anhydride to the 
polypropylene, between the matrix and epoxy-sized carbon fibres. An increase of up to 
353% in IFSS is observed for the desized fibres. These improvements can be attributed 
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to chemical bonding as a result of esterification of hydroxyl groups on the carbon fibre 
surface, with anhydride functionalities of the coupling agent. Additionally, interactions 
occur between the nitrogen containing groups on the desized fibre surface and the 
anhydride carbonyl groups in the matrix. Surface roughness is not found to significantly 
contribute to interface strength. Good interfacial bonding has therefore been observed 
between polypropylene and sized carbon fibre due to the addition of a coupling agent 
at 2wt.%, which allows the low cost polymer to be combined with commercially 
available fibre.  
 
Long, discontinuous carbon fibre/polypropylene composites have been characterised in 
this study at volume fractions that have not previously been reported. Mechanical 
property characterisation has shown linear increases in stiffness with increasing fibre 
volume fraction. The specific stiffness of carbon fibre/polypropylene (0.45Vf) is 
comparable to the carbon fibre/epoxy benchmark. A plateau is observed for both 
strength and impact strength above volume fractions of 0.25, due to increased void 
content. The specific strength of the long fibre carbon fibre/polypropylene system can 
be improved further to a certain extent, by optimising the processing conditions to 
minimise trapped air.  
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1. Introduction 
The use of carbon fibre composites (CFRPs) in high performance automotive 
applications is well established, however in high volume vehicles, composites are 
primarily limited to injection moulded parts that have short fibre architectures 
restricting their use to non-structural applications. The market for automotive CFRPs 
is expanding rapidly, where the compound annual growth rate is reported to be 30.6%, 
with an estimated value of approximately £65 million by 2017 [1]. A major driver for 
these changes is strict emissions targets in Europe and fuel economy targets in the US, 
where automotive manufacturers are looking to save up to 100kg of weight year on 
year. The vehicle Body-In-White (BIW) is where most savings are projected to be made 
[2] with current target weight reduction strategies for some major original equipment 
manufacturers (OEMs) presented in Figure 1-1. Clearly there are opportunities for 
lightweight materials that can provide sufficient properties to be used for semi-
structural and structural components. Replacing traditional components with 
lightweight CFRP has however been limited due to a number of barriers such as the 
high cost of carbon fibre, uncertainty of manufacturing processes, long cycle times, 
disposal of End-of-Life (EoL) parts and lack of experience with composites. 
 
 
Figure 1-1 - Example of OEM weight reduction targets for vehicles across respective fleets 
(reproduced from Frost and Sullivan [2]) 
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1.1 The ‘Low Carbon Vehicle’ 
The idea of a low carbon vehicle (currently defined as a vehicle that emits less than 
100g CO2/km) has become widely adopted of late, as increased use of fossil fuels has 
become a concern due to critical levels of CO2 being reached in the atmosphere, driving 
global warming. This coupled with industrialisation of developing countries with high 
population densities means that emissions must be reduced.  
 
In the UK, The Climate Change Act (2008) was implemented to reduce all CO2 
emissions by 80% of the levels reported for the 90’s, by 2050, of which the automotive 
sector accounts for 24% [3]. A significant amount of investment is being put into 
achieving these targets, where this year, the government have committed £500 million 
to the research and development of ultra-low emission vehicles [4]. Moreover, the 
European Parliament have introduced regulations (EC 443/2009) [5] to set emissions 
performance standards for new passenger cars to be less than 130g/km CO2 in 2015, 
and to have maximum average fleet emissions of 100g/km by 2020 - only two model 
development cycles from now. According to recent statistics (Jan – Mar 2015 [6]), 
average CO2 emissions of cars registered for the first time in the UK was 123.1g/km, 
marking a significant improvement from 2001 where it was approximately 180g/km 
[4].  
 
Recent reductions in CO2 emissions can be attributed to diesel and hybrid-electric 
vehicles gaining market share, but also more efficient petrol variants through low 
displacement, direct injection, supercharged engines. Despite the fact that emissions 
have become an increasingly pertinent issue, the last 25 years has seen total car weight 
increase as consumers drive expectation for higher levels of safety, comfort and 
technology as well as expecting more economical vehicles, without sacrificing build 
quality. Figure 1-2 shows the relationship between vehicle weight and fuel efficiency. 
A clear trend is seen between fuel efficiency and vehicle weight, where diesels currently 
perform higher than petrol engines (hybrids have not been included).  
 
Given the trends seen between CO2 emissions, fuel efficiency and vehicle weight, it is 
evident that both consumer and legislation requirements could be met by reducing 
vehicle mass. A reduction in weight of 100kg corresponds to a reduction in fuel 
  Chapter 1 - Introduction 
3 
consumption of approximately 0.3 – 0.5 litres/100km and a reduction in CO2 emissions 
of 8 – 11g/km [7]. As a consequence of reducing vehicle mass, engine, transmission 
and brake size can also be reduced and therefore provide improvements in fuel 
economy, as well as responsiveness under acceleration, braking and cornering. 
 
 
Figure 1-2 - Fuel economy as a function of vehicular weight for common new petrol and diesel 
vehicles (compiled from manufacturers data available through parkers.co.uk)
1.2 Polymer Composites 
Polymer composites offer the potential for weight saving as they exhibit high specific 
properties (mechanical performance per unit weight) compared to other engineering 
materials, as well as offering other advantages such as greater design flexibility and 
parts integration, reduced tooling and assembly costs, enhanced corrosion resistance 
and higher specific energy absorption [8]. A composite material is composed of two 
primary constituents; the reinforcing phase, which for polymer composites is typically 
glass, carbon or natural fibres, and the matrix which serves to hold the reinforcement 
in place as well as distributing load [9]. A variety of materials are available for 
composite manufacture (Figure 1-3) and control over the combination of the 
constituents allows tailoring of the mechanical properties, and therefore component 
optimisation for specific loading scenarios.  
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Polymer matrices are divided into two groups; thermosetting or thermoplastic. 
Thermosetting polymers are manufactured through curing which creates a 3-
dimensional cross-linked structure, where polymer chains are linked to each other 
through chemical bonds. Thermoplastic polymers are composed of linear polymer 
chains that are held together by weak intermolecular forces, which allow the polymers 
to be reshaped at elevated temperatures. Due to the cross-linked nature of thermosetting 
polymers, they offer excellent thermal properties, high dimensional stability and 
excellent surface finish characteristics. However the cross-linked structure means that 
these polymers cannot be recycled easily, as unlike thermoplastics, they cannot be 
remoulded at elevated temperatures. Thermoplastic polymers therefore have a 
significant advantage over thermosetting matrices as they can be re-melted and 
reprocessed several times, and do not require curing, enabling them to be processed 
much faster (10’s of seconds rather than 10’s of minutes). 
 
Figure 1-3 - Structure of composite materials 
To fully realise the properties of the reinforcement, there must be strong (chemical) 
bonding to the matrix, which allows optimum transfer of load between the fibres. The 
mechanical performance of a composite is therefore largely dictated by the quality of 
the interface between fibre and matrix. During manufacture of high performance fibres, 
such as carbon and glass, the fibre is coated with a sizing agent that is specifically 
designed to optimise this interface as well as protect the brittle fibres from damage 
during subsequent handling and processing [10]. CFRPs are primarily used in 
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applications that require significant weight savings or increased stiffness, as they are 
30% lighter than glass fibres and exhibit 4 times the stiffness [9]. It is reported that an 
optimised continuous carbon fibre composites (CFRP) can achieve a 75% mass 
reduction over steel, 40% over aluminium and 50-60% over glass fibre composites [11]. 
 
 
1.3 Carbon Fibre Composites in the Automotive Industry 
Carbon fibre composites are an excellent candidate for vehicular mass reduction, 
however they are generally confined to low volume, high performance applications in 
the automotive industry as the matrix material requires long curing cycles and the fibre 
costs are prohibitive. Advances in thermosetting resin cure systems has meant that the 
cycle time for CFRPs has been greatly reduced, with BMW producing medium volume 
CFRP intensive body structures for their i3 and i8 vehicles. High-Pressure Resin 
Transfer Moulding (HP-RTM) is used to produce CFRP parts for both vehicles, where 
cycle times are limited by polymer cure (5 minutes) and demoulding (10 minutes). 
Production rates are currently 36,500 per annum for i3 vehicles [12]. 
 
High performance CFRPs primarily use thermosetting matrices, which have 
significantly lower viscosities than thermoplastic matrices, allowing better penetration 
into the compacted fibre bundles and enhanced fibre encapsulation. Nevertheless, 
increasing interest has grown for high performance carbon fibre/thermoplastic 
composite materials (CFRTPs) due to vastly reduced cycle times, opening up 
possibilities for high volume manufacture. Moreover CFRTPs exhibit higher chemical 
resistance and impact properties as well as enhanced recyclability and ‘infinite’ shelf 
life over CFRPs [13]. Cycle times of less than 1 minute have been reported [14] (where 
less than 8 minutes is considered state of the art for thermosetting composites [15]) and 
although capital investment costs are increased due to higher processing temperatures 
and pressures required, automotive OEMs are primarily concerned with volume part 
price.  
 
The demand for high volume carbon fibre parts has been demonstrated by the number 
of automotive OEMs that have formed partnerships with companies that have 
composite expertise. One of the more notable examples is the partnership between 
Carbon Fibre Composites in the Automotive Industry  
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General Motors (GM) and Teijin, developing Teijin’s Sereebo CFRTPs for use in high 
volume automotive applications. The partnership formed in 2011 with an electric 
passenger cell concept, announcing that they were developing CFRTP parts by 
compression moulding with a 60 second cycle time. Table 1-1 presents the extent to 
which OEMs and carbon fibre manufacturers are looking to bring carbon fibre 
composites into the high volume automotive industry.  
 
The primary focus of these collaborations is to overcome barriers that are currently 
limiting the use of carbon fibre composites. The main challenge to the adoption of 
carbon fibre composites is cost, where CFRP parts are approximately 10 times more 
expensive to produce than comparable steel parts [8]. The cost of carbon fibre is 
continually decreasing as the use of alternative precursors is explored and demand for 
carbon fibre increases, it is estimated that a cost of approximately £7/kg [16] for carbon 
fibre will fully enable its use as a replacement for existing materials.  
 
Collaborators Notes Date 
BMW, SGL Stake holding to manufacture carbon fibre and carbon fibre fabrics for 
the i3 and i8 
Oct 
09 
Toyota, Toray, 
Fuji 
Collaboration to supply Toyota and Fuji Heavy with CF for automotive 
hood and roof applications 
Oct 
10 
Daimler, Toray Manufacture and marketing of CFRP using Toray's High cycle RTM Jan 
11 
Audi, Voith Development and automated production of composite materials for 
automotive use 
Feb 
11 
Audi, 
Quickstep 
Develop manufacturing solutions for the cost effective volume 
production of automotive composite parts 
Nov 
11 
GM, Teijin Develop carbon fibre composite technologies for potential use in high-
volume GM vehicles, using carbon fibre reinforced thermoplastics 
Dec 
11 
Toray, Gordon 
Murry Design 
Develop mass production techniques for thermoplastic CFRP in the 
vehicle main structure 
Feb 
12 
Ford, 
DowAksa 
Establishment of an economic source of automotive grade carbon fibre 
and develop component manufacturing methods for high-volume 
automotive applications 
Mar 
12 
Zoltek, Magna Partnership to develop low-cost carbon fibre sheet moulding compound 
(SMC) for the automotive industry 
Mar 
12 
Cytec , Jaguar 
Land Rover 
Develop designs, materials and manufacturing concepts for the cost-
effective use of composites materials for automotive structures 
Aug 
12 
BASF, Tencate Development, production and commercialization of thermoplastic 
composite materials suitable for high-volume vehicle production 
Oct 
12 
BASF, SGL Development of reactive polyamide system and tailored sizing for 
automotive applications 
Oct 
12 
Faurecia, 
Fraunhofer ICT 
Engineering and prototypes for advanced industrial processes for 
composites for applications in the automotive field 
Nov 
12 
Dieffenbacher, 
KrausseMaffei, 
Audi 
High Pressure RTM parts for structural automotive components 
Apr 
13 
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Henkel, 
Benteler 
Collaboration to design and manufacture composite leaf springs for 
Volvo XC90 
Aug 
13 
Toray, Zoltek  Toray completes purchase of Zoltek - manufacturer of large tow carbon 
fibre for automotive industry 
Mar 
14 
Cytec, EPL Develop automated manufacturing processes for low cost hybrid, 
structural thermoplastic composite automotive components 
Apr 
14 
Toyota, AZL Development of production technologies for lightweight components Jun 
14 
SABIC, 
Kringlan 
Development of first carbon fibre thermoplastic composite wheel Jun 
14 
Cytec, Dralon Establish the production of large tow industrial-grade carbon fibre for 
automotive applications Jul 14 
Tesla, GS 
Caltex 
GS Caltex to supply Tesla Motors with long carbon fibre thermoplastic 
material 
Aug 
14 
AML, Gurit Gurit to supply carbon fibre based exterior Class-A automotive body 
panels  
Jan 
15 
Ricardo, AEC Development of composite body, chassis and other structural 
components to the automotive industry 
Feb 
15 
Hexion, Sogefi Design and manufacture of a composite suspension coil for Audi Mar 
15 
Table 1-1 - List of notable collaborations aiming to introduce CFRP into the high volume 
automotive market
1.4 Discontinuous Fibre Composites  
The use of discontinuous fibre composites (DFCs) has the potential to lead to significant 
cost savings over continuous fibre composite (CFC) parts as automated manufacturing 
methods can be more easily employed, eliminating the need for labour-intensive 
production often associated with CFCs. Moreover, high levels of automation lead to 
more consistent part quality and reduced cycle times, therefore lending these 
composites to high volume manufacture processes. 
 
Discontinuous fibre composites (DFCs) have been used in the automotive industry for 
decades, most commonly in the form of sheet moulding compounds (SMCs) and 
injection moulded components. SMCs enable higher volume fractions (and therefore 
mechanical properties) to be used over injection moulded compounds as they have a 
heterogeneous mesoscale architecture where single fibres are bundled together into 
‘tows’, which consist of several thousand fibres (Figure 1-4). Despite having higher 
mechanical properties than injection moulded composites, glass fibre SMCs are 
primarily used for cosmetic applications as they tend to be heavily filled with calcium 
carbonate to achieve ‘Class A’ surface finishes and allow high levels of flow in the 
mould. Nevertheless, these materials have been popular for automotive manufacturers 
as they offer lightweighting potential, excellent surface finish and corrosion resistance 
Discontinuous Fibre Composites 
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whilst maintaining total cost parity with metals that are currently used [17]. Carbon 
fibre SMCs have been developed for structural automotive applications, but due to high 
fibre volume fractions and low filler content require high mould coverage levels due to 
limited flow. These composites still allow much higher part complexity than CFCs, for 
example Lamborghini utilise carbon fibre SMCs for manufacture of their inner 
monocoque chassis, and suspension control arms of the Sesto Elemento [18], achieving 
part complexities that cannot be realised with continuous fibre composites . 
 
 
Figure 1-4 – Microscale architecture single fibre composite (left) and mesoscale architecture 
composite (right), where each tow (represented by the shapes inside the cube) consists of 
thousands of filaments, greatly increasing packing efficiency. 
Glass mat thermoplastics (GMTs), which consist of chopped glass in a polypropylene 
matrix, are the thermoplastic equivalent to SMCs and are also widely used in the 
automotive industry for parts ranging from front end modules, underbody shields and 
instrument-panel carriers. More recently in-line compounding systems that integrate 
compounding and moulding processes together to produce long fibre thermoplastics 
(LFTs) have gained interest. This process allows the moulder to combine fibre, matrix 
(usually glass fibre and polypropylene) and any additives at the press, which are mixed 
and fed as a shot into compression moulding equipment. Through careful design of the 
extruder used to mix the compound, fibre lengths of up to 25mm can be maintained 
[19], greatly increasing mechanical performance. 
 
Currently in the automotive industry, thermoplastics are primarily coupled with glass 
fibre and as a result, applications are limited by stiffness requirements. Carbon fibres 
have been trialled for LFT processes with polyamide 6 [20] and although significant 
improvements were made over glass fibre composites produced in the same way, high 
levels of fibre breakage occurred due to the lower failure strain compared to glass, 
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reducing mechanical performance. A gap in mechanical performance therefore exists 
between thermoplastic DFCs and CFCs. High performance thermosetting DFCs such 
as HexMC offer mechanical properties within this region (see Appendix B), however 
the material cost is significantly higher than other DFCs and cure cycles are typically 4 
– 8 minutes, longer than required for mass manufacture. 
 
The necessity for short cycle times and increased demand for recyclability due to 
government legislation on the disposal of end-of-life automotive parts has prompted 
significant interest in thermoplastic composite materials. Combined with discontinuous 
fibres, complex 3D geometries can be realised as well as enabling automated 
processing, greatly reducing costs associated with the manufacture of CFCs.
 
1.5 Theme of work 
The research presented here has been carried out as part of the ‘Towards Affordable 
closed-loop Recyclable Future Low Carbon Vehicle’ project, a collaborative EPSRC 
funded programme between 8 UK universities, with over 40 personnel involved. It is 
envisioned that the future low carbon vehicle will be a mass-optimised multi-material 
concept. This part of the project is focussed on advanced polymer matrix composites 
for lightweight vehicle structures. 
 
The use of carbon fibre allows access to mechanical properties that no other 
commercially available fibre can achieve. Significant interest in this fibre has been 
shown by the automotive industry and increased demand as well as alternative 
precursor development is gradually reducing the cost to a point where it can be 
economically used for high volume manufacture. Polypropylene was chosen as the 
matrix material as it is the most commonly used thermoplastic in the automotive 
industry, accounting for 32% of all automotive polymers and therefore has the 
necessary infrastructure in place for high volume manufacture [21]. The primary 
concern with carbon fibre/polypropylene is that the interface strength between the fibre 
and matrix is weak, however the widespread use of polypropylene in glass fibre 
composites has demonstrated that excellent bonding can be achieved. Recent studies by 
Wong et al. [22] investigating short recycled carbon fibres and polypropylene has 
indicated that the interface can be significantly increased with the addition of a coupling 
Theme of Work  
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agent, but it is unclear how these materials will interact at high fibre loadings required 
for enhanced mechanical performance.  
 
The aim of this thesis is to investigate whether low cost polypropylene is suitable for 
use with discontinuous carbon fibre at high volume fractions. The intended application 
is for semi-structural automotive components, where there is an opportunity for 
materials that possess mechanical properties between short fibre composites, used for 
non-structural applications, and continuous fibre composites, used for structural 
applications.  
 
To achieve mechanical properties suitable for semi-structural parts, a heterogeneous 
architecture is required where fibres are bundled together into tows to improve packing 
and therefore access higher volume fractions. A carbon fibre tow coating line was 
developed (Section 3.3) to enable polypropylene to be coated on continuous fibre tows, 
as appropriate commercial materials were not available at the volume fractions 
required. During coating the tow was spread by rollers to ensure intimate contact 
between the fibre and matrix to aid subsequent processing. Adjustments in coating 
parameters allowed the fibre volume fraction to be varied as well as the potential to 
introduce a coupling agent to improve the bond between fibre and matrix. The 
interfacial strength was investigated at the microscale using the microbond test method 
(Chapter 4), where the aim was to determine the effect of coupling mechanisms 
between the fibre and matrix on interface strength. Fibre chemistry and topology were 
subsequently characterised (Chapter 5) to explain differences in interface strength 
observed during microscale testing. 
 
Finally, the microscale work was correlated with mechanical testing at the macroscale 
(Chapter 6), with investigation into the effect of micromechanical bonding on failure 
mechanisms in discontinuous fibre thermoplastic composites. Mechanical data was 
compared to a number of benchmarks to assess the performance and suitability of these 
materials for semi-structural automotive applications. The findings of this thesis will 
add to the knowledge of low cost, high performance thermoplastic composites for 
automotive applications and demonstrate that these materials can be part of an 
optimised multi-material vehicle in the future. 
  Chapter 1 - Introduction 
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The combination of mesoscale carbon fibre architecture and thermoplastic matrix at 
volume fractions appropriate for semi-structural automotive applications has not been 
reported previously. Moreover, the use of polypropylene as a matrix material for carbon 
fibre has not been widely investigated due to the disparity in cost, with research 
currently limited to short recycled fibres. This study therefore investigates the ultimate 
performance this matrix can achieve. 
Discontinuous Fibre Composites  
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2. Literature Review 
2.1 Discontinuous Fibre Composites 
The mechanical properties of discontinuous fibre composites (DFC) are controlled by 
the physical properties of the constituent materials and also their distribution within the 
composite. In terms of the material architecture, parameters such as volume fraction, 
fibre length and tow size dictate the ultimate composite properties and therefore require 
optimisation. Fibre volume fraction has arguably the most significant influence on 
mechanical performance, but is limited by the packing efficiency of the fibres, which 
is a function of fibre dimensions and orientation [23], demonstrated in Figure 2-1. 
Knowledge of interactions between these parameters is therefore essential for attaining 
the maximum mechanical performance. A review of some of the more critical 
parameters is given here.
 
 
Figure 2-1 - Mechanical performance as a function of fibre volume fraction for different DFC 
architectures, with quasi-isotropic woven composites included for reference. Balloons represent 
approximate levels of performance for each composite architecture, based on references in 
Appendix F 
2.1.1 Random Fibre Composites 
For most DFCs the fibres are randomly oriented within the matrix to provide an 
isotropic material. Some work has focussed on investigating alignment of 
discontinuous fibres to achieve higher volume fractions and therefore realise increased 
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performance [24]–[28], but good fibre alignment is very difficult to achieve at high 
manufacturing rates and therefore was not considered during this work. For random 
composites the fibre orientation can be divided into two architectures, 2D random and 
3D random, shown schematically in Figure 2-2. For 3D random architectures, primarily 
associated with injection moulding manufacturing routes, the fibres are oriented in the 
x-y-z plane and have fibre lengths less than the thickness of the composite. These 
composites comprise shorter fibres (< 5mm [29]) and lower volume fractions (< 0.2Vf 
[9]) than other discontinuous fibre composites, in order to maintain a suitably low 
viscosity to aid processing of the injected material. 
 
 
Figure 2-2 - Single fibre random architectures, 3-dimensional - where fibres lie in the x-y-z 
plane and (right) 2-dimensional - where fibres lie in the x-y plane 
For 2D random architectures, the fibres are oriented in the x-y plane and the fibre length 
and volume fraction are only limited by the physical dimensions of the part and stacking 
of the fibres. Common examples of 2D architectures are Sheet Moulding Compounds 
(SMC) and Glass Mat Thermoplastics (GMT), available commercially in sheets, where 
charges are cut from the material and stacked in a compression moulding tool to form 
the part. 
 
2.1.2 Fibre Volume Fraction 
For a unidirectional continuous fibre composite, the fibre volume fraction (Vf) can 
theoretically be as high as 0.9, however fibre packing is often irregular and as such the 
practical limit is approximately 0.7 [9]. For random DFCs, achievable volume fractions 
are limited to approximately 0.3 for microscale (single fibre) architectures [30], where 
single filaments are randomly distributed within the composite, and 0.5 for mesoscale 
(bundled fibres) architectures [31], where unidirectional fibres are tightly packed into 
bundles that are randomly distributed within the composite. The achievable volume 
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fraction therefore limits the application of the material, and as such restricts these 
microscale architecture composites to non-structural applications. For use as semi-
structural components, new materials must be able to compete with high performance 
discontinuous GMTs and SMCs, where mesoscale architectures are required to obtain 
high volume fractions necessary for enhanced mechanical performance.  
 
For random fibre composites, tensile modulus has been experimentally shown to 
increase linearly with volume fraction up to approximately 0.5, with good agreement 
observed between analytical predictions and modulus for microscale architectures 
[32]–[34]. Tensile strength displays a similar trend, however at higher volume fractions 
the trend is non-linear, due to a number of mechanisms including; higher void content 
[35], fibre breakage, increased stress concentrations as a result of more fibre ends [36] 
and reduced stress transfer efficiency due to small fibre spacing [23]. The onset of this 
deviation is dependent on both the fibre and matrix properties, for example the strength 
of glass fibre/polypropylene has been shown to plateau at approximately 0.2 - 0.25Vf 
[35], [36], whereas for glass fibre/epoxy, strength has been shown to increase linearly 
with volume fraction up to 0.5Vf [37], after which it becomes non-linear due to the 
mechanisms described above. This suggests that the higher viscosity of thermoplastic 
matrices may reduce the maximum achievable volume fraction further, with fibre 
infiltration issues becoming more apparent at higher volume fractions. Carbon fibres 
appear to be less susceptible to this phenomena as a plateau in strength was not observed 
for carbon fibre/polypropylene [38] or carbon fibre /polyamide 12 [34], which indicates 
that more optimised packing of smaller diameter fibres may reduce defects seen at 
higher volume fractions. 
 
One of the main advantages of thermoplastics over thermosets is that they behave in a 
ductile manner and exhibit superior energy absorption properties allowing progressive 
failure compared to the catastrophic failure shown by brittle materials. However, 
introduction of fibres into a thermoplastic matrix restricts polymer chain mobility, and 
sites of stress concentration are increased, resulting in decreased strain to failure. 
Reductions in strain-to-failure of 25% have been reported for fibre volume fractions of 
0.08, and up to 50% for volume fractions of 0.19 in glass fibre/polypropylene [35]. 
Greater reductions have been observed for more brittle fibres, where an increase of fibre 
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volume fraction from 0.02 – 0.04 for carbon fibre/polypropylene resulted in a 92% 
reduction in strain to failure [39].  
 
Despite large reductions in strain-to-failure as a consequence of increased fibre loading, 
impact strength has been reported to increase linearly with increasing volume fraction 
[40],[41], however some reports for glass fibre/polypropylene have shown that 
deviations are experienced at higher volume fractions, which are attributed to similar 
mechanisms reported for strength [36], [38]. Compared to continuous fibre composites, 
DFCs are able to absorb more energy due to complex crack paths caused by fibres 
arranged in multiple orientations [42]. It therefore follows that as volume fraction 
increases, further energy is dissipated as more fibres are out of plane with each other. 
Glass fibres composites have shown to be more efficient in absorbing energy than 
carbon fibre, where the addition of glass fibre to a carbon fibre/epoxy system improved 
the impact strength 3-fold [43]. 
 
2.1.3 Fibre Length 
To obtain the maximum reinforcing potential in a DFC, the fibres must be above the 
critical length (or critical aspect ratio), which is the minimum length at which the centre 
of the fibre can realise its ultimate tensile strength, when the matrix is at maximum 
shear stress [9]. High performance discontinuous fibre composites are often comprised 
of fibre tows – or large groups of fibres bundled together, usually ranging from 1,000 
(1k) to 48,000 (48k) filaments per bundle, primarily to aid handling and subsequent 
processing [44]. It has been shown that carbon fibre tows, like individual fibres, exhibit 
a critical length [45]. As the bundle diameter is much larger than the individual fibres, 
the critical bundle length is much larger than the critical fibre length. To be able to 
transfer the maximum tensile stress to a bundle, the bundle length must therefore be 
orders of magnitude longer than the fibre critical length. 
 
It is worth noting that critical lengths exist for a number of mechanical properties, 
analytical models have been developed for modulus, tensile strength and impact 
strength by Cox [46], Kelly-Tyson [47] and Cottrell [48] respectively. However the 
critical fibre length for these models do not tend to coincide. Work by Thomason et al. 
[49] has shown that the optimum aspect ratio for stiffness is greater than 100, whereas 
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strength is greater than 1000 and impact strength is maximum at approximately 250 and 
decreases thereafter. The fibre length, and therefore tow length, are critical parameters 
in determining the transfer of stress between the matrix and fibre.  
 
The mode of failure of a composite is somewhat determined by the relationship between 
the fibre length and critical length. Below the critical length (for a given fibre diameter) 
fibres pull out of the matrix material, as the shear force at the interface is less than the 
tensile force required to cause failure and fibres above the critical length fragment into 
shorter fibres [50].  
 
For static loading scenarios it is more practical to have fibres that are as short as 
possible, but still remain above the critical length to maintain optimum composite 
properties [45]. Additionally using shorter fibre lengths also allows higher part 
complexity, increased homogeneity and provides a better surface finish when compared 
to longer fibre composites [51]. In terms of strength, increasing the length of a fibre 
increases the probability of the fibre containing a flaw, which acts as a stress 
concentration, reducing the composite strength. The probability of a fibre containing a 
flaw can be modelled statistically using a Weibull distribution [52]. This method was 
developed for uniaxial stress states on relatively brittle materials, where one flaw would 
cause catastrophic failure [53]. It has been widely used for describing composite failure, 
and although thermoplastics offer higher strain to failures than traditional thermosets 
such as epoxy, this is often not translated to the composite, as the fibres inhibit large 
matrix deformations [54].  
 
Strength has been found to increase with fibre length for polypropylene reinforced with 
chopped carbon fibre tows, with increases of 80% and 90% for modulus and strength 
respectively, for lengths increasing from 0.5 and 10mm [55]. Similar observations were 
found for carbon fibre/polybenzoxazine, however a 55% decrease in strength was 
observed for an increase of fibre length from 17 – 27mm [56]. Above the critical length, 
modulus is relatively insensitive to fibre length, however complex interactions between 
fibre length and bundle size mean that tensile strength is significantly affected for 
mesoscale architectures. Shorter fibre lengths lead to more fibre ends per volume, and 
therefore an increase in the number of stress concentrations. Longer fibre lengths 
however, statistically contain more flaws and subsequently reduce mechanical 
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properties [45]. Optimisation is therefore required to tailor mechanical properties to 
specific load scenarios. 
 
Analytical models based on the work by Cottrell [48] have been used to model the effect 
of fibre length on impact strength, where summations of contributions due to sub- and 
supercritical fibre lengths result in an optimum value for impact strength, either side of 
which strength rapidly decreases. There is little experimental evidence to verify this for 
polymer composites however, with concerns that its development from unidirectional 
metallic composites may not be applicable to these random materials [41]. Increases in 
impact strength with increasing fibre length have been reported for glass 
fibre/polypropylene over the range of 0 – 12mm, with values starting to plateau at 
around 5mm [41]. The critical length of this system was calculated to be 2mm, however 
no reductions in strength were witnessed above this value. Increases have also been 
reported for carbon fibre/polypropylene [55] and carbon fibre/epoxy [57] for ranges 0.5 
– 10mm and 25 – 50mm respectively, however in contrast to glass fibre/polypropylene, 
no plateau in strength was recorded for either material. 
 
The critical fibre length for impact behaviour is therefore higher than previously 
thought and it may then be possible to extract higher properties from these composites 
if longer lengths are used. There is still a need to optimise the fibre architecture to tailor 
the composite mechanical properties for in-service load scenarios.  
 
2.1.4 Tow Size 
One of the main considerations for the choice of tow size for discontinuous composite 
manufacture is cost, with lower filament count tows being more expensive than high 
filament counts. Over recent years, the price of carbon fibre has seen a decrease, which 
has somewhat narrowed the difference in cost, however defining actual costs is difficult 
as the price of carbon fibre is sensitive to market variations [51]. The primary reason 
for the higher cost of smaller tow sizes is that the throughput is significantly lower. The 
same floor space is required to produce a 1k tow as is needed for a 24k tow, therefore 
production rates for smaller tow sizes are much lower in comparison.  
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Due to the disparity in cost, small tows are primarily used in aerospace applications and 
automotive composites typically utilise tow sizes of 24k filaments or greater [58]. As 
more carbon fibre is being used for automotive products, as well as other market 
sectors, there has been an increase in large tow products available. It is expected that 
by 2020 the global production of large tow sizes (>24k) will be in excess of 53,000 
metric tonnes – accounting for almost a third of all carbon fibre production [59]. 
Attempts have been made to split large tows into smaller tows to circumvent some costs 
associated with small tow production. Ford [60] have been successful in splitting a 50k 
tow into 25k and 10k tows for use in SMC materials. They found that the tensile 
strength of resultant SMC coupons was increased by 292% by reducing the tow size 
from 50k to 10k. 
 
Stress concentrations occur at bundle ends due to differences in stiffness between the 
fibre and matrix, large tows have therefore been shown to reduce strength in composites 
as the synchronisation of a large number of fibre ends act as failure initiation sites [61]. 
Rondeau et al. [31] noted a reduction in strength for large tows and explained that fibre 
tows are analogous to large diameter fibres. As the tow size, and therefore aspect ratio 
gets larger, a longer fibre is needed to realise the full mechanical performance of the 
tow. Moreover, the number of bundle ends per unit volume is simultaneously reduced 
with increasing tow length, further improving strength due to reduced stress 
concentrations. 
 
Increasing tow size affects the distribution of fibre in a composite, for the same volume 
fraction, smaller tows distribute more homogeneously inside the composite. Variations 
in areal density of up to 80% have been found for increasing carbon fibre tow size from 
6 to 24k, however tensile properties were largely unaffected due to high levels of 
filamentisation (natural splitting of large tows as a result of chopping) which increased 
homogeneity and therefore offset reduction in mechanical properties caused by 
increasing tow size [62]. Filamentisation increases with tow size and decreases with 
level and type of sizing agent, as well as fibre length [63], however it can significantly 
increase preform loft and therefore restricts achievable volume fractions due to reduced 
packing efficiency and permeability [62], [64].  
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Homogeneity and isotropy of discontinuous fibre composites are significantly affected 
by the material architecture. To achieve the highest volume fraction, fibres must be 
packed efficiently, where the most optimum configuration is seen for unidirectional 
composites. For random DFCs higher volume fractions are achieved by bundling fibres 
into tows, with larger tow sizes leading to increased heterogeneity. As a result, 
variations in fibre distribution and mechanical properties can be expected, with 
coefficient of variance values reported as high as 44% for carbon fibre/epoxy tensile 
properties [62]. 
 
2.1.5 Fibre/Matrix Interface Considerations 
The interface between fibre and matrix in discontinuous composites is important as the 
matrix material at the fibre/matrix interface is responsible for stress transfer between 
the fibres, which directly affects the mechanical performance [65]. Failure morphology 
is also determined by the interfacial strength; where very high interface strengths result 
in low toughness, brittle failures and very low interface strengths produce tough, but 
weak composites that are largely governed by the properties of the matrix [66].  
 
Tailoring of the interface is largely determined by a number of surface properties such 
as; functional groups, surface microstructure, morphology and surface energy [67]. 
Many authors have been able to improve interfacial characteristics by modifying these 
with surface treatments and coatings. Removal of sizing from carbon fibre has been 
shown to improve interfacial performance with higher temperature thermoplastics, as 
the polar thermoplastic matrices show little chemical affinity to the thermoset optimised 
sizing [68]. However, complete removal of the sizing leads to problems with handling 
and filamentisation of the fibre tow during processing. To improve adhesion between 
thermoplastics and carbon fibre, specially formulated sizings are available, but 
currently only from Teijin and SGL for their dedicated automotive customers. There is 
a wide range of literature available that investigates the effect of different sizing 
formulations to increase compatibility between thermoplastics and carbon fibre via 
increased mechanical and chemical interactions [69]–[72], but these are unlikely to gain 
significant interest from commercial carbon fibre suppliers as they develop their own 
proprietary formulations. It is possible that thermoplastic compatible sizing 
formulations may receive greater interest as larger volumes of fibre are recycled, and 
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therefore require resizing to aid handling and processing [73]. However the focus here 
is on current modifications made to existing commercially available materials. 
 
A number of authors have reported on chemical treatments to promote adhesion 
between the fibre and matrix, with common examples including fibre oxidation [74], 
heat treatment [75] and plasma treatment [76] – a comprehensive review of carbon fibre 
surface modifications can be found in the work by Sharma et al [77]. Applying 
treatments to the fibre can change many of the physical-chemical surface properties 
needed to increase adhesion between fibre and matrix. To obtain the most significant 
increase in interface strength for thermoplastic matrices, both the fibre and matrix 
should be modified simultaneously [78]. This is due to the nonpolar nature of the 
surface of carbon fibre and thermoplastics [79], where weak intermolecular forces and 
frictional forces typically form the majority of adhesion between fibre and 
thermoplastic matrix [80], [81]. Modification of the fibre surface can lead to chemical 
bonding for thermosetting matrices or polar interactions in thermoplastic matrices, such 
as hydrogen bonding and Lewis acid-base interactions [65].  
 
There are many methodologies for characterising the change in the fibre surface 
properties after treatment; X-ray Photoelectron Spectroscopy (XPS) and Fourier 
Transform Infrared Spectroscopy (FT-IR) for both functional groups and surface 
chemical composition [79], [82], [83], Scanning Electron Microscopy (SEM) and 
Atomic Force Microscopy (AFM) for surface morphology measurements [84], [85], 
contact angle measurements for wettability and surface energy analysis [86], [87] and 
Brunauer-Emmett-Teller (BET) theory for adsorption techniques used to quantify 
specific surface area [65], [88]. Although these methods give some insight into the 
chemistry that occurs at the interface, mechanical performance data is still required to 
assess how each of the treatment affects the resultant composite.  
 
2.1.6  Conclusions 
For random 2D DFCs, increasing volume fraction has been shown to improve the 
composite mechanical properties. The literature suggests that a critical volume fraction 
exists, which is a function of fibre packing efficiency and polymer viscosity, above 
which there is a plateau – or in some cases a decrease, in modulus and strength 
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properties. This critical volume fraction is approximately 0.25Vf for glass 
fibre/polypropylene systems and in excess of 0.3Vf for comparable carbon 
fibre/polypropylene systems. Strain to failure is significantly decreased with very small 
fibre loadings, however impact testing studies still showed an increase in strength with 
fibre volume fraction. The range of volume fractions in the reviewed literature was 
primarily between 0 and 0.3, indicative of the material architecture where single 
filaments are randomly dispersed in the matrix. A performance gap exists between these 
homogenous architectures and isotropic continuous fibre composites, where fibre tows 
may be able to provide sufficient increases in volume fraction to bridge between them.  
 
The tow size should be tailored for each specific application as there is a trade-off 
between cost and performance. For this study a 12k tow count was selected primarily 
due to availability, but also to allow a relatively homogeneous distribution of fibre 
within the composite, which is critical for discontinuous fibre composites at this scale. 
XPS, SEM, AFM and optical microscopy, will be used here to characterise the surface 
chemistry and morphology of the fibres and composite. The use of these techniques 
provides analysis at multiple scales, which is critical here for examining the features at 
the macroscale (composite level), mesoscale (tow level) and microscale (fibre level). 
 
The critical length for DFCs is an important characteristic as almost all of the literature 
reviewed showed increases in mechanical properties with fibre length. Strength tended 
to decrease above the critical fibre (or bundle) length, due to a greater number of flaws 
present in longer fibres. Impact properties seemed to be most significantly improved by 
increasing fibre length, which contradicts some analytical models that suggest that there 
is an optimum length, above which properties decrease. Consideration of fibre length 
to coupon size has also been shown to be significant, as fibres that can span the width 
or length of the tested coupon are likely to give erroneous results.  
 
The fibre/matrix interface for carbon fibre and thermoplastics has been widely 
discussed in the literature, however commercial carbon fibre is currently coated with 
sizing optimised for thermosetting polymers. It is unclear whether the thermosetting 
sizing greatly affects the bond between carbon fibre and thermoplastics, as without 
modification, they do not form chemical interactions. The effect of sizing and polymer 
modification will therefore be investigated to determine the compatibility between the 
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fibre and matrix. Surface treatments will not be considered here as refinement of a 
treatment process was outside the scope of this study. Moreover, the use of surface 
treatments further increases raw material cost.  
.
2.2 Interfacial Testing Methods for Carbon Fibre Composites 
The short beam shear test is the most common method for characterising the interfacial 
behaviour between fibres and matrix due to simple sample preparation and data 
collection. However it is criticised because it does not induce true shear in the 
component [89] and the ductility of thermoplastic matrices can inhibit delamination, 
invalidating the test [90]. Therefore alternative testing methods are required that 
involve more complex geometries, making macroscale interface testing less attractive.  
 
Microscale characterisation of the interface between fibre and matrix has become 
increasingly important as the number of material combinations has significantly 
increased over the last few decades. In the literature a number of methods have been 
used to evaluate the interface for fibre reinforced composites, however there is large 
debate over the repeatability of data between institutions and testing methods as no 
standard test method exists [91]. Some of the more widely used methods are discussed 
here. 
 
2.2.1 Micro-composite Testing Methods 
2.2.1.1 Single Fibre Pull-Out Test (SFPO) 
For the single fibre pull-out test, a fibre is embedded in a polymer matrix with one end 
free of the matrix and attached to a small load tensile testing machine. The length of 
fibre inside the matrix is below the critical length, to ensure that the fibre pulls out of 
the matrix, as opposed to breaking. As the fibre is loaded in tension, the force and 
displacement are recorded, with the apparent interfacial shear stress (IFSS) being 
calculated from the maximum force using Equation 2-1. Due to the large scatter in data 
produced from the SFPO test [92], a large number of samples (typically 20 or more) 
need to be tested to obtain a statistically representative IFSS. 
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𝜏𝑎𝑝𝑝 =  
𝐹𝑚𝑎𝑥
𝜋𝐷𝑓𝑙𝑒
 
Equation 2-1 - Calculation of the apparent interfacial shear strength (τapp) for the SFPO test, 
where Fmax is the maximum force recorded, Df is the fibre diameter and le is the fibre embedded 
length 
The IFSS is therefore an approximate mean shear stress calculation based on the shear 
lag model developed by Cox [46] (further detail including derivation is given by Nairn 
et al. [93]) and assumes a constant shear stress distribution along the interface. Whilst 
this is known to be an oversimplification [94], this method has been widely used to 
characterise the interface strength of a number of fibres and matrices [95].  
 
Sample preparation is more difficult for thermoplastics as they are solid at room 
temperature, and great care must be taken to ensure sample preparation is consistent 
and repeatable for all tested samples [96]. To simplify preparation and reduce 
measurement errors associated with the fibre embedded length and therefore increase 
repeatability, the microbond test has been developed as an alternative to the SFPO test.  
 
2.2.1.2 Microbond Test 
The microbond test [97] has been used to establish the interfacial behaviour between 
different fibre/matrix combinations such as carbon fibre/epoxy [98], glass 
fibre/polypropylene [91], carbon fibre/polypropylene [22] and carbon 
fibre/polyphenylene sulphide [99]. A number of authors have performed FE analysis 
on experimental parameters, such as knife edge separation, fibre free length and droplet 
geometries, to investigate methods for reducing data scatter [100]–[104].  
 
The test is performed by forming a droplet of polymer onto a single carbon fibre. A 
number of different methods have been employed in the literature [91], [105]–[107]. 
Once the droplet is formed, one of the free ends of the fibre is attached to a tensile 
testing machine and the droplet is constrained from moving vertically by using two 
rigid knife edges that contact the droplet on the meniscus [91]. As the fibre is pulled in 
tension, shear is induced at the interface and eventually the interface fails, the test is 
shown schematically in Figure 2-3. 
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A typical microbond force-displacement plot is shown in Figure 2-4. A similar trace is 
obtained for SFPO tests described in the previous section. At location 1, the curve is 
relatively linear and the fibre and matrix behave in a linear-elastic manner. At location 
2 the fibre starts to debond from the matrix through interfacial crack propagation [108], 
and this has been described as the debond force [109]. The force then continues to 
increase with crack length until location 3, where the crack propagation becomes 
unstable and the fibre fully debonds from the matrix [110]. Location 4 corresponds to 
the residual frictional force of the matrix on the fibre. The apparent interfacial shear 
strength is calculated in the same way as the SFPO test using Equation 2-1. 
 
 
Figure 2-3 - Schematic of microbond test set-up (left) and microdroplet viewed by optical 
microscopy (right) 
There is debate in the literature as to whether the assumptions for the calculation of 
IFSS are valid for the systems tested [110]. The deformation associated with debonding 
is assumed to be elastic, although some authors have noted that plastic deformation can 
occur for thermoplastic systems [111], potentially invalidating results. The calculation 
for IFSS also assumes that the stress along the interface is constant, but FEA modelling 
has shown that this is an oversimplification [112]. Nevertheless, the microbond test 
method is a useful method for determining interface strength and is less labour intensive 
than the SFPO test, and is therefore more practical in that it allows a large number of 
repeats to be carried out, which can reduce some of the uncertainty in the data analysis. 
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Figure 2-4 - Microbond force-displacement plot demonstrating processes that occur during the 
microbond test 
 
2.2.1.3 Single Fibre Fragmentation Test 
The single fibre fragmentation test (SFF) is an interface characterisation method 
introduced by Kelly and Tyson [47] and has been adopted for a number of studies as it 
affords relatively simple specimen preparation and ease of testing [113]. This test 
method has also been recognised as being able to provide information on failure modes 
within composites and how these relate to macroscale mechanical properties [114]. 
 
The test is performed by embedding a single fibre into a polymer matrix, which is 
typically moulded as a dogbone specimen [115]. A load is applied to the dogbone and 
tensile stress is transferred to the fibre through interfacial shear stress. As the load is 
increased, the strain in the fibre will reach the failure strain and the fibre fractures. The 
specimen is continuously loaded and the fibre continues to break into smaller lengths. 
Once the fibre becomes too short to break any further, a saturation state is reached and 
the test is stopped. [113]. The apparent interfacial shear strength is calculated using 
Equation 2-2, which is based on the constant shear model developed by Kelly and 
Tyson [47]. Assumptions are that the fibre behaves elastically and there is perfect 
adhesion between fibre and matrix adhesion 
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𝜏𝑎𝑝𝑝 =  
𝜎𝑓𝐷𝑓
2𝑙𝑐
 
Equation 2-2 - Calculation of apparent interfacial shear strength (τapp), where σf is the fibre 
tensile strength, Df is the diameter of the fibre and lc is the critical length of the fibre 
The critical length can be determined through Weibull analysis [116], although it is 
usually calculated using Equation 2-3, which is based on semi-empirical analysis of the 
data developed by Ohsawa et al.[117]. 
 
𝑙𝑐 =  
4
3
𝑙 ̅
Equation 2-3 - Calculation of the fibre critical length (lc), where l̅ is the average fragment length 
Calculation of the critical length from Equation 2-3 assumes that the fibre fragment 
length distribution is symmetrical, however this is rarely the case [113]. Moreover, 
phenomena such as shear yielding of the matrix, interfacial debonding and transverse 
matrix cracking are also reported to take place during the test [118], [119], which makes 
using the constant shear model highly inaccurate for this procedure. Aside from its 
limitations, the constant shear model is still often used due to ease of calculation.  
 
A number of authors have tried to improve data reduction [120]–[123] and model the 
test using finite element analysis and numerical simulations to better understand 
processes that are occurring during the test such as stress field distribution [122], matrix 
cracking [119], debond propagation [124] and local yielding of the matrix [125], but 
still there is little consensus on the best practice for calculation of the interfacial shear 
strength using this method. 
 
Deng et al. [126] report the IFSS using the SFF test for a carbon fibre/epoxy system 
(T700S/Araldite-F). The authors state the average interfacial strength based on the 
modified Kelly Tyson model (Equation 2-2 combined with Equation 2-3) in the form: 
 
𝜏𝑎𝑝𝑝 = 𝐾
𝜎𝑓(𝑙)̅𝐷𝑓
2𝑙 ̅
 
Equation 2-4 - Calculation of IFSS for single fibre fragmentation test, where K is a constant 
and σf(l) is the fibre strength at average fragment length 
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In equation 2-4, K is generally set to ¾, however other researchers  have found K to be 
0.699-1.000, depending on Weibull shape parameter for fibre strength [127]. Values of 
30 – 50MPa have been reported for K values between 0.75 – 1 [126].
 
2.2.1.4 Micro-indentation Test 
First proposed by Mandell et al. [128], the micro-indentation test uses a standard micro-
indentation hardness tester to apply a force to the centre of a fibre to push it through the 
sample [129]. For thicker samples, the fibre is pushed into the matrix (commonly called 
the push-in test) and for thin samples the fibre is pushed through the matrix and out of 
the other side (push-out test). The advantage of this test is that it simulates the 
conditions of a ‘real’ composite in that residual thermal stresses, effect of adjacent 
fibres and morphology of the matrix are taken into account [129], moreover the sample 
doesn’t need special preparation other than being polished for microscopic examination 
[130]. The push-in test is far easier to prepare than the push-out test as the preparation 
of very thin slides (approximately 50µm [131]) is difficult and therefore limits the test 
to composites with high stiffness, low interfacial adhesion and large fibre diameters 
[132]. Therefore only the push-in test will be considered here. 
 
To calculate the interface strength a fibre end, perpendicular to the surface of the matrix, 
is loaded by the standard pyramid indentor which displaces the fibre below the surface 
of the containing matrix, and a linear relationship is obtained in the form [131]: 
 
𝑢𝑓𝑖𝑏𝑟𝑒 =  
𝐹
𝜋𝑟𝑛𝐸𝑓
 
Equation 2-5 - Relationship between the fibre displacement, ufibre, and applied force, F, where 
r is the radius of the fibre and Ef is the fibre Young's modulus 
where 
𝑛2 =  
2𝐺𝑚
𝐸𝑓ln (
𝑅𝑒
𝑟 )
 
Equation 2-6 - Calculation of variable n, where Gm is the matrix shear modulus and Re is the 
distance from the tested fibre to the ring of adjacent fibres 
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The interfacial shear stress is then calculated from the maximum shear stress at the 
onset of debonding by: 
 
𝜏𝑐𝑟𝑖𝑡 =  
𝑛𝐹𝑐𝑟𝑖𝑡
2𝜋𝑟2
=  
𝑛
2
𝜎𝑓
𝑐𝑟𝑖𝑡 
Equation 2-7 - Calculation of interfacial shear stress at debond, τcrit, where σf
crit is the axial stress 
at the cross-section of the fibre at debonding 
A complication arises from using standard micro-hardness indentors, as with small 
diameter fibres such as carbon, indentor positioning is difficult and further to this, the 
fibre can be easily split by the indentor during testing [132]. Another issue is that for 
fibre reinforced polymers, the compliance of the matrix during testing can affect the 
results and errors therefore become more significant for ductile matrices [133].  
 
Much like the other interfacial testing methods, analytical and finite element studies 
have been carried out to assess whether the simplistic shear-lag model used to calculate 
the interfacial shear stress is appropriate. Aside from simplifications inherent in using 
the shear-lag model, for example assuming perfect hexagonal packing of fibres and 
elastic deformation of the matrix [134], one of the issues faced by the test method is 
that the debonding loads can be significantly affected by the local fibre volume fraction 
around the tested fibre [135]. Corrections to debonding loads have been suggested 
based on fibre diameter and average distance to adjacent fibres [136], however the 
measurement of the average distance to adjacent fibres is somewhat equivocal and the 
addition of FEA complicates the procedure further. Some success has been found with 
current analytical models (Equation 2-7) for large fibre spacing [131],  
 
2.2.1.5 Conclusions 
A comparison of the results obtained using different interfacial testing methods is given 
in Table 2-1. Unsurprisingly, there is a large range of values given for the carbon 
fibre/epoxy system studied (AS4/EPON 828). As thermoplastic matrices are much 
more ductile than the epoxy used for those tests, it is likely that calculation of the 
interfacial shear strength will be further complicated. Of the tests investigated, the short 
beam shear method appears to have the simplest preparation method, however the 
induced failure is mixed-mode including components of tension and compression as 
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well as shear and is therefore not suitable for testing with ductile matrices, such as 
polypropylene. 
 
Of all the microscale methods, the microbond test appears to be one of the most widely 
used and affords relatively simple sample preparation and data reduction. Small 
changes in adhesion can be detected by this method and direct comparison can be drawn 
with data available in the literature for a carbon fibre/polypropylene system, therefore 
this interfacial testing method will be used here. 
 
Test Method Test Type 
Apparent Interfacial/ 
Interlaminar Shear Strength 
(MPa) 
Short-beam shear test (ILSS) ILSS 84 
Iosipescu shear test ILSS 95.6 
Single-fibre pull-out test IFSS 88 
Microbond test IFSS 50.3 
Single-fibre fragmentation test IFSS 65.8 
Micro-indentation test IFSS 68.3 
Table 2-1 - Comparison of interfacial and interlaminar shear strengths obtained from macro and 
micromechanical test methods, complied from [42], [137]
2.2.2 Experimental Parameters Affecting the Microbond Test 
As discussed in the previous section, the difficulty in interpreting the interface between 
fibre and matrix means that a number of different approaches to modelling the 
microbond test have been demonstrated in the literature. Important information about 
factors that affect repeatability can be extracted from FEA simulations if modelled 
appropriately. Differences in scale between the droplet and the interface (approximately 
0.5µm for carbon fibre [138]) mean a mesh of equally sized elements cannot be used. 
To resolve this the fibre, interface and droplet are modelled as different surfaces (each 
with their own mesh) and joined them using tied contact pairs, which essentially 
restricts the surfaces from slipping against or moving away from each other and greatly 
reduces computing time [102]. During FE analysis, the droplet is sheared away from 
the fibre along the interface. Progressive damage can be modelled using cohesive 
contact surfaces, however as the fibre beneath the droplet needs to be unconstrained to 
replicate the test, numerical errors occur in analysis as the droplet is debonded. To 
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prevent this, contact behaviour can be added between the droplet and knife edges using 
cohesive contact without damage [139].
 
2.2.2.1 Blade Separation 
The blade separation (also referred to as: blade opening/positioning, vice angle and 
knife edge positioning) determines where contact between the droplet and blades 
occurs. For larger separations the blades contact the droplet further away from the fibre 
near the middle of the droplet and for smaller separations the blade makes contact with 
the droplet near the meniscus. According to the literature the resulting IFSS is relatively 
insensitive to the blade separation, but the stress distribution is greatly affected [102], 
[103], [140], [141].  
 
The stress distribution has been modelled using FE analysis for 2D and 3D systems, 
however 2D analysis is limited as it models the blades as a circular opening and assumes 
the droplet is axisymmetric. 2D and 3D models provide similar results for the stress 
states away from the droplet, however at the blade edges, the 2D model only captured 
an average of the peak stress that was found for 3D modelling [100]. It has been 
suggested that the optimum blade separation is approximately 2 times the fibre diameter 
apart [142], where narrower separations lead to higher shear stresses at the interface, 
which may result in premature interface failure [143]. For blade separations greater than 
double the fibre diameter, the stress distribution has been shown to be relatively 
insensitive to blade separation [144], however extensive matrix cracking has been 
found as a result of larger blade openings, leading to cohesive failure in the matrix as 
opposed to interfacial failure [142]. 
 
2.2.2.2 Test Speed 
As mentioned previously no standard exists for the microbond test, it is up to the user 
to decide the appropriate parameters to conduct an effective test. As polymers are 
highly strain rate sensitive, it seems logical that there should be a set test speed for this 
method, however almost all the literature cites different test speeds (ranging from 0.001 
– 500mm.min-1 [104], [145]), rendering result comparison difficult. For glass [111] and 
aramid fibre/epoxy stems [105], ranges of 0.05 to 100mm.min-1 have been tested in the 
literature. Apparent IFSS was found to increase by approximately 75% between 0.05 
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and 2mm.min-1, with decreases of 55% reported for test speeds up to 100mm.min-1. 
Slower test speeds are recommended for carbon fibre than glass to avoid fibre breakage 
[146], where 0.03 – 0.25mm.min-1 have been used for carbon fibre/epoxy [98], [147], 
[148] and approximately 1mm.min-1 has been used for carbon fibre/thermoplastics [22], 
[149], [150].
 
2.2.2.3 Fibre Free Length 
The fibre free length (Lf) is the distance between the top of the polymer droplet and 
where the fibre is gripped. It is generally recommended that Lf is minimised and kept 
constant for each sample tested, however little explanation has been given for this. 
Details of Lf may be explained by some of the literature covering the single fibre pull-
out test which was widely used before the microbond test was developed. For this 
method, the fibre free length has been suggested to be as small as possible due to the 
increase of surface flaws and fibre strain with increasing Lf [139], [151]. To achieve the 
maximum yield from prepared samples, lower fibre free lengths ensure that the tensile 
strength of the fibre is sufficiently high to allow the interface to debond. Additionally 
it has been suggested that fibre free lengths of above a few millimetres can eliminate 
the purely frictional part of the pull-out curve [137]. Fibre free lengths of 0.03 – 10mm 
have been reported for carbon fibre/thermoplastic systems [74], [152], [153], where the 
length should be kept constant to minimise the effects of stored elastic energy on the 
initiation and propagation of interface failure [154].
 
2.2.2.4 Droplet Formation 
For fibre/matrix combinations with strong interfacial adhesion, chemical bonding, 
(where compounds in the fibre and matrix are joined by strong covalent bonding), is 
the dominant mechanism in stress transfer. However for low adhesion systems, for 
example polypropylene and carbon fibre, the interface strength is an order of magnitude 
lower and physical bonding, (where fibre and matrix are weakly bonded by forces of 
attraction such as Vander Waal’s and coulombic forces), is much more dominant. The 
difference in thermal expansions between fibre and matrix causes compressive residual 
stresses on the fibre during cooling which increases interfacial friction. The effect of 
these residual stresses has been shown to account for 25 – 70% of the IFSS in glass 
fibre/polypropylene [141], [155] and is dependent on the droplet forming temperature 
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[81] and testing temperature. Reductions in IFSS of 69% have been reported between 
test temperatures of 0 and 40oC for glass fibre/polypropylene [155]. Therefore careful 
control of both forming and testing temperature must be maintained to ensure consistent 
results.
 
2.2.2.5 Conclusions 
Characterisation of the interface between carbon fibre and commodity/engineering 
thermoplastics via the microbond test has had relatively little investigation. These 
materials will become increasingly important as the cost of carbon fibre decreases 
through recycling methods and fabrication through alternative precursors, especially 
for automotive applications where a cost/performance ratio is more important than for 
the aerospace industry. A number of parameters affect the microbond method, which 
need to be controlled to allow for repeatable testing.  
 
Blade separation should be approximately 2 fibre diameters apart to prevent premature 
interface failure due to high local shear stress concentrations at the knife edges, as well 
as minimising the risk of cohesive matrix failure associated with larger separations. The 
interfacial shear stress is significantly affected by test speed due to the strain-rate 
sensitivity of the polymer, with speeds of 1mm.min-1 used for carbon fibre 
thermoplastic systems in the literature. Fibre free length should be minimised to attain 
higher fibre strengths due to a reduced number of flaws on the surface. The same fibre 
free length should be maintained for all tests in order to reduce effects of fibre elastic 
deformation on the initiation of interface failure. Free lengths of 0.03 – 10mm have 
been successfully used for carbon fibre/thermoplastics. Finally, droplet formation 
temperature and test temperature should be kept constant for all sample preparation, as 
interfacial friction due to compressive residual stresses has been shown to significantly 
affect interfacial shear strength.
 
2.3 Processing of Long Discontinuous Fibre Thermoplastic 
Composites 
Due to the high viscosity of thermoplastics compared to thermosetting polymers, 
conventional processing routes associated with composite fabrication may not be 
suitable. Figure 2-5 shows different processing methods and material formats for 
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thermoplastic composites as a function of volume fraction. The method in which fibre 
and matrix are brought together for processing defines the maximum achievable volume 
fraction and also impacts the cycle time length. For higher performance products with 
a fibre volume fraction greater than 0.35, intermediate products are often used that 
either already have some consolidation between fibre and matrix, or that intersperse the 
matrix within the fibre to minimise the melt flow distance of the polymer [156]. Some 
common intermediate products are reviewed here. 
 
Part Property Classification 
Non-Structural Semi-Structural Structural 
Fibre Volume Fraction (%) 
10 15 20 25 30 35 40 45 50 55 + 
Long Discontinuous Material Formats 
  GMT       
BMC SMC     ASMC 
Thermoplastic Composite Processing 
LFT Pellets 
 
  Prepreg 
Film Stacking   Commingled 
  
Coated Fibre 
Liquid (In-Situ Polymerisation) 
Figure 2-5 - Part property classification, material formats available and processing routes as a 
function of volume fraction for thermoplastic composites processing
2.3.1 Intermediate Products 
A variety of commercial intermediate products are available for both thermosetting and 
thermoplastic composites. The most commonly used intermediate format for 
thermoplastics are pellets containing short, aligned fibres, which are typically processed 
by injection moulding. As discussed previously these composites are limited by low 
strengths as a result of low volume fractions and short fibre lengths. Injection moulded 
parts are therefore limited to cosmetic automotive parts and will not be discussed further 
here. 
 
2.3.1.1 Commingled Fibres 
Fibre commingling is where the polymer, in continuous filament form, is brought 
together and interspersed within the fibre tow (Figure 2-6), minimising the melt flow 
distance to around 20 - 40µm [157]. Continuous reinforcement fibres can be 
commingled with polymer yarns in a variety of processes and have the advantage of 
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maintaining a high flexibility compared to other intermediate products [158], enabling 
complex geometries to be formed more easily. It is unclear however how the integrity 
of the yarn would be affected by chopping for a discontinuous fibre preform. Common 
methods include using a compressed air-jet to push the thermoplastic yarn into the 
continuous carbon tow and stretch breaking fibres with thermoplastic yarn, where the 
latter is subsequently spun (using textile spinning techniques) into a continuous 
commingled yarn. Stretch breaking maintains a high level of fibre strength as it breaks 
the fibres at the weakest point, with reductions of no more than 10% observed for 
carbon fibres [157]. The air-jet intermingling process is popular as the process speed is 
twice as fast as other commingling methods [159], however care must be taken in 
optimising the air pressure to minimise damage whilst still providing adequate blending 
between the two fibres. For both methods volume fractions of up to 0.6 are routinely 
possible [160].  
 
Figure 2-6 - Schematic of commingled fibres, where the grey filaments represent the reinforcing 
phase and the blue filaments represent the matrix (in fibre form).  
Composites manufactured from continuous commingled fibres have been shown to 
have comparable properties to analogous continuous fibre composites. A unidirectional 
commingled carbon fibre/polyetheretherketone (CF.PEEK) composite showed an 
equivalent tensile modulus and 15% reduction in strength compared to unidirectional 
pre-impregnated CF/PEEK composite [161]. Woven composites manufactured from 
carbon fibre/polyamide 12 (CF.PA12) have also demonstrated equivalent mechanical 
properties to commercial carbon fibre/thermosetting and thermoplastic composites 
[162]. Additionally CF.PA12 has proven to be suitable for high volume manufacture 
processes, where cycle times of 10 seconds per mm part thickness have been reported 
[163], although tensile properties were 15% lower than reported for compression 
moulding with a cycle time of 10 minutes [162]. 
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A number of commercially available products exist for commingled fibres, due to the 
simple mixing of reinforcement and matrix fibres. GF/Polypropylene (PP) ‘Twintex’ 
from OCV Reinforcements, France and CF/Polyamide (PA12) manufactured by EMS 
Chemie, Switzerland and Schappe Techniques, France are the most widely used 
products for glass and carbon fibre respectively. 
 
2.3.1.2 Coated Fibre 
A number of different methods exist for fibre coating and like commingled fibres, 
create an intermediate product with a specific volume fraction that can be easily 
processed into a finished part. In contrast to commingled fibres, the intermediate 
product is much stiffer as the fibres are encased in a polymer. Melt impregnation, 
powder impregnation and solution impregnation methods for fibre coating are 
discussed here.
 
Melt Impregnation 
Melt impregnation involves pulling a continuous tow of fibre through a bath of molten 
polymer, which is usually fed via an extruder and kept at constant temperature. The tow 
is pulled over a series of offset pins which help push the molten polymer into the fibre. 
After passing through the melt bath, the coated tow is pulled through a die which 
controls the volume fraction (typically up to 0.35 is achievable [164]) and the coated 
tow is then cooled and hauled off. Due to the high viscosity of semi-crystalline 
thermoplastics, direct melt impregnation is difficult and often impregnation is slow 
[165], furthermore high impregnation pressures force filaments in the tow to become 
more densely packed, reducing the permeability of the fibres [166]. Another key 
consideration for melt impregnation is melt stability of the polymer. It is imperative 
that it does not degrade due to thermal oxidation during processing, or further 
downstream by heating during moulding [167]. 
 
Variations of the melt impregnation method have been developed to improve efficiency 
and quality of the process. In one case, the polymer is forced through narrow slots in 
the impregnation pins, as opposed to being pulled through a bath, this induces shear 
thinning in the polymer to aid impregnation into the fibre bundle [168]. Another process 
(DRIFT [169]) reduces viscous drag in the melt bath by driving the impregnation pins 
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as well as using convex bars to improve tow spreading. Melt impregnation quality is 
usually dictated by the number of impregnation pins, however as the number of pins 
increases the tension is increased in the tow and is therefore limited by the fibre tensile 
strength [169]. The tension is also influenced by pulling speed and therefore quality is 
usually compromised for higher throughput. The DRIFT process reduces the tension in 
the tow and therefore allows high line speeds of 20-60m.min-1 [8] . Despite improving 
the impregnation quality however, the volume fraction is still limited to around 0.35. 
 
Even with advances in melt impregnation processing, other processing methods are 
generally preferred due to lower processing costs, greater selection of materials and 
higher achievable volume fractions.
 
Powder Impregnation 
Powder impregnation routes can be classified as either wet or dry. Dry powder 
impregnation involves pulling a continuous tow through a bath of powder, which can 
be agitated, fluidised or charged to aid dispersion [170], [171], after which it is usually 
then passed through a scraper to remove any excess powder on the surface. For wet 
powder impregnation, the tow is passed through a carrier liquid containing suspended 
powder particles. The amount of carrier liquid that coats the fibre can be controlled by 
capillary forces that act when the tow is pulled out of the bath and therefore the volume 
fraction can be controlled [172]. The tow is subsequently dried in a continuous oven 
and the process thereafter is identical to dry powder, where the powder is tacked to the 
tow by heat, cooled and hauled off. 
 
Figure 2-7 –Structure of powder impregnated tows, where the grey filaments are the fibres and 
pink spheres are polymer particles. Small particle sizes are required to allow powder particle 
impregnation into the fibre bundle 
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Carbon fibres are particularly well suited to powder impregnation as the tows can be 
easily spread due to the low comparative amount of sizing that holds the filaments 
together [173]. Powders of similar diameter to the fibres have been shown to be the 
most effective in coating [166], however processing polymer powders to these 
diameters is expensive and typically diameters of around 15 - 150µm are used [174]. 
 
Powder impregnation is a common technique to produce tapes with thermoplastics that 
are difficult to process due to high viscosity [166]. The volume fraction range for 
powder coating is typically between 0.5 – 0.6, significantly higher than that of melt 
impregnation [174]. The coated tow is then heated using infrared heaters, which have a 
spectral bandwidth (3 - 5µm for long wave emitters [175]) similar to that for polymer 
absorption (3.2 -3.6µm for most polymers due to carbon-hydrogen bond content [176]), 
making the polymer powder ‘tacky’, sticking it to the tow. The coated tow is 
subsequently cooled and hauled off. In other variations of the process, the tow can be 
preheated when it enters the powder to aid powder pick-up [171].  
 
For powder impregnation, line speeds of up to 10m.min-1 have been shown to be 
possible whilst maintaining a good level of impregnation [177], however void content 
increases with increasing line speed. As the produced tape is an intermediate material 
and requires subsequent consolidation, the impact of consolidation level on void 
content in the resultant composite is not clear. Unlike melt impregnation, a heated bath 
is not required to keep the thermoplastic molten (which uses a higher amount of 
energy). Therefore the viscosity of the polymer system is negated, making impregnation 
a function of powder particle size. Impregnation time is reduced as it takes place by 
polymer flow parallel to the fibres, where permeability is around one order of 
magnitude higher than in the perpendicular direction to the fibres [156].  
 
The main disadvantage with powder processes is that it can be difficult to control the 
amount and distribution of powder that is deposited on the tow [178]. This is 
exacerbated in dry powder processes as smaller particle size powders may agglomerate, 
leaving areas of dry fibre during coating, which has been found to be a significant effect 
between a particle size of 53µm for PEEK [179]. The most significant cost of powder 
impregnation is processing powders to the desired particle size. Due to the ductile 
nature of thermoplastics cryogenic milling is required to obtain small particle 
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diameters, where high operating costs are incurred due to the use of liquid nitrogen 
[180].
 
Solution Impregnation 
In solution impregnation thermoplastic polymers, primarily amorphous, are dissolved 
in a solvent, significantly reducing the viscosity. This process can prevent the need for 
polymers to be processed at high temperatures (although some solvents require 
moderate heating to allow dissolution) therefore negating the risk of thermal 
degradation of the polymer above its melting temperature. There are however a number 
of problems associated with solution impregnation; often environmentally hazardous 
solvents are used [181], complete removal of the solvent can be difficult, potentially 
causing volatile emissions during moulding [83] and only a limited number of polymers 
can be dissolved in solvents and therefore are also susceptible to chemical degradation 
in service parts [174].  
 
Despite the disadvantages, fabrication of tapes using this method can be successful 
when the correct matrix material is specified. Volume fractions of around 0.6 can be 
achieved [182]; TenCate’s ‘Cetex’ (CF/Polyetherimide(PEI)) product is a common 
example produced by this method and has a nominal volume fraction of 0.59. Typical 
line speeds for solution impregnation are between 3 and 4.5m.min-1 [183], somewhat 
lower than other processing techniques.
 
2.3.1.3 Conclusions 
All of the aforementioned intermediate products are currently produced commercially, 
showing that consistent and high quality material formats are achievable. Commingled 
fibres show the most potential due to high fibre volume fractions and lower risk of 
thermal degradation to the polymer, as it has received one less thermal cycle than the 
other processes. However it is unclear how the integrity of the commingled bundle 
would be maintained after chopping into discrete lengths as filamentisation of the yarn 
and therefore dispersion of the fibre and matrix is a concern.  
 
Melt impregnation is unlikely to be a good candidate system as the volume fraction is 
limited compared to other processes, and risk of polymer degradation is higher than 
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other processes. Solution impregnation is limited since only a small number of 
polymers can be used. Whilst high volume fractions are achievable, this processing 
route naturally limits the chemical resistance of the final composite. Both wet and dry 
powder impregnation routes are likely to be good candidate systems as they are capable 
of running at moderate line speeds and are not restricted by the high viscosity polymers. 
Additionally carbon fibre is well suited to powder impregnation as tows are easily 
spread, allowing greater take-up of the polymer.
 
2.3.2 Consolidation Methods 
Consolidation is a crucial step in part manufacture for thermoplastic composite 
materials, its purpose is to remove voids, increase fibre and matrix contact, and finally 
to solidify and crystallise the polymer, the latter when semi-crystalline polymers are 
used [184]. Conventional composites processing methods such as autoclave curing and 
resin transfer moulding (RTM) are generally not suitable or optimised for thermoplastic 
composites processing, therefore thermoplastic forming techniques have been adapted 
to allow manufacture of these parts. Some developments have been made in increasing 
fibre length for injection moulding, and pellets with long fibres (10 – 50mm [185]) are 
widely available, however during processing, significant fibre attrition occurs and the 
resultant fibre length is in the region of 2-3mm [29]. 
 
Consolidation methods for high-volume manufacturing of thermoplastic composites 
can generally be divided into two main groups; thermoforming or compression 
moulding. An exception to this however is reactive processing, or in-situ 
polymerisation, where low viscosity prepolymers are polymerised in the mould with 
the fibres, in a similar way to resin transfer moulding for thermosetting composites - 
Cyclics CBT resins are a commercial example of matrices used for this process. The 
polymerisation process is a relatively lengthy process (approximately 30 minutes [186]) 
and therefore cannot compete with thermoforming and compression moulded processes 
unless used for large or thick parts [187]. Additionally, only a limited number of 
polymers are currently available to be polymerised in-situ [188]. Due to the long cycle 
times, this process will not be looked at in detail here, a comprehensive review of 
reactive processing is given by van Rijswijk et al. [189].
 
Processing of Long Discontinuous Fibre Thermoplastic Composites 
40 
2.3.2.1 Thermoforming 
Thermoforming is a process derived from thermoplastic component manufacture; 
where a pre-impregnated fabric (prepreg) is clamped and heated to its softening point 
(below Tm) using infrared heaters. Once the prepreg is at the correct temperature, the 
material is draped over, or forced onto a single sided mould where it is held until it 
cools (Figure 2-8). Thermoforming can be used to create very large parts (for example 
boat hull cores [27]), and typically only a single sided tool is needed, greatly reducing 
costs. However, all the parts produced need trimming due to the initial clamping of the 
material, which means there is some wasted material, and parts are limited in 
complexity due to the draping method used for this process.  
 
 
Figure 2-8 - Schematic of the thermoforming process 
The state-of-the-art of this process is Fiberforge RELAY [190]. This process uses 
automated tape laying and subsequent thermoforming to produce thermoplastic parts in 
less than 3 minutes. The company currently license their technology and rely on carbon 
fibre/thermoplastic tape from suppliers such as TenCate, Ticona and Baycomp. The 
process currently has a maximum part size of 2 x 2m, but joining technologies for 
thermoplastics means that the applications are not limited. 
 
Due to the material draping needed, a certain amount of integrity is needed to hold the 
material. This therefore limits thermoforming to fabric prepregs and continuous fibre 
products.
Preheat Pressure Formed Part 
Intermediate 
Material 
Holding 
Fixture Mould 
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2.3.2.2 Compression Moulding 
Compression moulding is the most widely used forming method for high performance 
discontinuous fibre thermoplastic composites. A pre-shaped charge (such as an SMC) 
or a mixture of fibres and resin is placed into a female mould cavity, the cavity is usually 
heated, but for thermoplastic composite manufacturing it is not unusual to pre-heat the 
material and transfer it into a ‘cold’ mould (where the mould temperature is below the 
Tg of the thermoplastic) to reduce cycle times. The female and male mould are closed 
together and pressure is applied, the tool is then either cooled to solidify the material, 
or the mould is already cool enough to quench the material in the mould. The advantage 
of compression moulding is that the thermoplastic matrix is heated to above its Tm, 
resulting in material flow which is advantageous for parts with higher complexity. The 
parts produced usually need trimming due to polymer flow out of the shear edges (flash 
gap) present on most compression moulding tools.  
 
To aid fast processing times, a number of authors [184], [191]–[193] have considered 
non-isothermal compression moulding (NI-CM) routes, where the material, typically 
net-shape [194] is preheated and the tool is kept at a ‘cold’ temperature during moulding 
(Figure 2-9). The advantage of the non-isothermal process is that the tool is not 
thermally cycled, which saves large amounts of energy and therefore operating costs, 
and as consequence short cycle times are realised (approximately 10 seconds/mm of 
part thickness [163]), which make this method suitable for high volume manufacture of 
parts. Parts of comparable quality can be made using NI-CM [184] and it is therefore 
likely to be the more suitable manufacturing method for this study, a review of 
processing parameters that affect composite consolidation and performance is outlined 
below. 
 
The initial process for NI-CM is preheating the material (charge) in an oven before 
forming and consolidation. The preheating process for NI-CM is important as the 
material must be heated through the thickness to the correct temperature, but also must 
not be allowed to degrade on the surfaces, which will be at the required temperature for 
a longer duration than the core. For NI-CM, polypropylene is heated to around 210 – 
230oC depending on the fibre type [195]–[197]. Thermoplastics that are held above 
their melting temperature begin to degrade after prolonged exposure to heat. Figure 
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2-10 shows the decrease in molecular mass of a glass fibre/polypropylene composite 
for different preheating temperatures and preheat times. The decrease in molecular 
mass is a representation of degradation of a polymer. The author has chosen an arbitrary 
molecular mass, below which the composite is considered to be significantly degraded. 
 
Figure 2-9 – Schematic of the non-isothermal compression moulding process. Similar to the 
thermoforming process (Figure 2-8) however for discontinuous fibre charges, more flow is 
possible, allowing more complex geometries to be formed. Typical processing parameters 
shown in brackets for polypropylene composite mouldings. 
Figure 2-10 shows that increasing the preheating temperature by only 10oC (from 210oC 
to 220oC) causes degradation to occur over 200 seconds earlier. As short cycle times 
are required for this process, the above is used to determine the maximum operating 
conditions for a given material. For the optimum temperature (220oC), the composite 
can be held for over 5 minutes before degradation occurs. As the oxidative degradation 
process is both a function of time and temperature, it provides an upper limit to the 
processing window available for preheating. The preheat time is governed by the part 
thickness, but may also be affected by air contained within the preform due to loft [198]. 
If the loft is high, heat penetration into the centre of the preform will be increased and 
therefore the preheat temperature may need to be reduced to prevent degradation. To 
minimise these effects, pre-consolidation can be used. Santulli et al. [199] used heated 
rollers to apply a pressure of 4.5MPa to the preform for 1 second after preheating the 
material at 200oC for 1 minute. 
 
The preheat temperature has been shown to be a significant parameter for tensile 
strength, where increases of 65% have been reported for GMTs from 170 – 240oC 
Preheat (~230oC) Pressure (~10MPa) Formed Part 
Charge Mould (~90oC) 
Transfer  
(~20s) 
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[200], however tensile modulus was largely unaffected. The optimisation of mechanical 
properties with preheat temperature has shown that tensile and flexural strength both 
increase with increasing temperature over the ranges studied [201], [202]. This has been 
linked to decreased part thickness due to reduced polymer viscosity and therefore void 
content reduction [194].  
 
Figure 2-10 - Degradation of polypropylene during preheating of GMT. Data below black 
dotted line indicates degradation has occurred in the polymer. (Figure reproduced from 
Wakeman et al. [185]) 
Transferring the preheated material to a press is not seen as a significant factor for 
thermoplastic composite processing due to the insulation by the outer layers of the 
preform. Typical transfer times range between 15 – 90 seconds, with commercial 
processes using robotics to automate the transfer process [185]. The rate of closure, 
coupled with the tool temperature have been shown to be more critical for the formation 
of a well consolidated and low void content composite. When the material is transferred 
to the tool the bottom surface cools first (with cooling rates of up to 50oC per second 
[193]) and the outer skin of the composite is rapidly quenched. It is suggested that 
increasing the temperature of the bottom of the mould half to 90oC (as opposed to 80oC 
[185]) reduces the cooling rate of the bottom of the polypropylene when it is first 
introduced to the mould, allowing for tool closure time [164]. Tool closure speeds are 
typically between 10-100mm s-1 [203], ensuring the temperature differential across the 
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part is minimised and preventing solidification of the material before the mould is filled 
[204]. Approach speeds, where the top of the material is not in contact with the top tool 
surface, should be as fast as the equipment allows and are usually in excess of   
425mm.s-1 [205].  
 
The tool temperature governs the effective cooling rate of the composite and therefore 
directly affects cycle time. Typical NI-CM tool temperatures for moulding 
polypropylene composites are approximately 20 - 80oC [174]. The tool temperature 
dictates the length of time at which the core of the material is at low viscosity and for 
increasingly complex geometries both the tool temperature and closure rate should be 
increased to allow prolonged material flow time [200]. Additionally increases in fibre 
dominated properties such as tensile, flexural and compressive performance can be 
achieved for higher tool temperatures [163], [201], although the quality of surface finish 
has been reported to be reduced [200]. Crystallisation during rapid cooling of semi-
crystalline thermoplastics is reported to be a key effect in the bonding of the matrix and 
fibres, with faster cooling rates leading to lower crystallinities and therefore improved 
matrix dominated properties, such as strain to failure and impact strength [184]. 
 
To aid fibre encapsulation by the polymer and to reduce void content, pressure is 
applied to the composite during processing. It is desirable, as with temperature, to use 
lower pressures to reduce capital costs. However relatively high pressures are needed 
for NI-CM; for example for a CF.PA12 commingled composite, a pressure of 4.2 MPa 
was used [163]. Optimum pressures are more difficult to determine than preheat 
temperatures and are much more dependent on the matrix properties. As a comparison, 
polypropylene composites require pressures of up to 20 MPa [185] during moulding, 
which is mainly attributed to the viscosity of PP being in the order of 103Pa.s, compared 
to PA12 with a viscosity of approximately 102 Pa.s. For discontinuous fibre products, 
such as GMTs and SMCs, the material is designed to flow in the mould, enabling 
production of more complex shapes than fabric architectures. To induce material flow, 
the pressure required is therefore higher than that needed for fabric prepregs and is a 
function of part complexity. For a simple planar part made from GMT, pressures of 
around 5 MPa are needed [200], but for a complex shape where large draw is needed, 
such as a door cassette, up to 40 MPa  might be required [197]. Whilst closing speed is 
linked to removal of the majority of trapped gases during initial consolidation, the 
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pressure, and time at pressure, are significant factors for reducing the void content of 
the final part.  
 
The time at pressure is a significant parameter as final void content reduction occurs by 
diffusion into the matrix, where polypropylene is capable of dissolving 15 times its own 
volume of air [206]. Void content reductions of 85% have been observed for GMT by 
increasing the time at pressure from 5 to 40 seconds [200]. Time at pressure has been 
shown to be the most significant factor for mechanical properties of GMT materials, 
where an increase from 10 to 50 seconds resulted in a 23% increase in flexural strength 
[202].
 
2.3.2.3 Conclusions 
There is a large body of research on the rapid processing of glass fibre/polypropylene 
composites. Non-isothermal compression moulding is the most suitable process as it 
allows fast manufacture (sub 1 minute cycle times) of long discontinuous fibre 
thermoplastics composites, whilst maintaining fibre length and tow integrity. The 
optimisation of processing parameters is important for the successful moulding of these 
composites, with preheating temperature and time at pressure dominating the 
mechanical properties of the final component. Definition of the onset of polymer 
degradation for the system used in this study will be vital to maximise the processing 
conditions and therefore mechanical properties. Further optimisation of the processing 
parameters is outside the scope of this study and composites will be produced in 
accordance with data gathered from this literature review on similar glass 
fibre/polypropylene systems. 
 
Processing Parameter Value 
Preheat Time 240 seconds 
Preheat Temperature 230 oC 
Mould Temperature (top) 90 oC 
Mould Temperature (bottom) 90 oC 
Mould Pressure 10 MPa 
Time at Pressure 300 seconds 
Transfer Time ~30 seconds 
Closure Rate 100 mm.second-1 
Table 2-2 - Processing parameters chosen to manufacture CF/PP composites based on literature 
review
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3. Experimental Methodology 
3.1 Materials 
Datasheets for all the materials used in this study are given in Appendix B. 
 
3.1.1 Fibre 
T700SC-60E 12k tow carbon fibre, supplied by Toray Co., was primarily used as the 
composite reinforcement, as it is widely used in commercial automotive applications. 
Toray T700SC-50E and unsized 12k AS4 carbon fibre, supplied by Hexcel, Duxford, 
UK were also used for tow coating rig commissioning to assess the effect on fibre 
spreading, properties are given in Appendix B.  
 
For microbond testing (Chapter 4), pseudo-recycled fibres were produced to simulate 
pyrolysis and solvolysis recycling methods. To simulate the pyrolysis recycling 
process, the virgin T700 fibres were heated in a furnace at 550°C for 10 minutes [207] 
and subsequently put in a ultrasonic cleaner water bath for 30 minutes, before being 
dried at 80°C for a week (referred to as CFP fibres). To simulate the solvolysis recycling 
process, 2g of virgin T700 carbon fibre were soaked in 100cm3 of acetone for a week 
at room temperature. The fibres were then washed three times using fresh acetone, and 
then refluxed in 200cm3 of boiling tetrahydrofuran (THF) for 72hrs. The fibres were 
washed a further three times with fresh THF, and then dried at 80°C for a week (referred 
to as CFS fibres). 
 
3.1.2 Matrix 
An isotactic homopolymer polypropylene (PP), Sabic 576P (Sabic Europe B.V., 
Netherlands), was used for both microbond and macroscale experiments. The polymer 
was supplied as pellets, however to allow coating on the tow coating rig, a powder was 
required. Cryogenic milling was used to produce the powdered polymer, processed by 
Goonvean Fibres (Honiton, UK) to a maximum particle size of 90µm (average 65µm). 
 
  Chapter 3 – Experimental Methodology 
47 
A developmental powdered epoxy system, DLS 1776 (Hexcel, Duxford, UK), was used 
as a benchmark thermosetting polymer as it could be melted and cured in a similar 
manner to the thermoplastics, making it suitable for use on the tow coating rig (Section 
3.3). 
 
3.1.3 Coupling Agent 
A maleic anhydride grafted polypropylene coupling agent, G3015 (Eastman, UK), was 
supplied in granular form and was processed into a powder using a ceramic grinder at 
ambient temperature. In all cases the coupling agent was mixed with the polypropylene 
at 2wt.% based on work carried out previously by Wong et al. [22]. 
 
3.1.4 Commercial Benchmark Materials 
A carbon fibre/epoxy advanced sheet moulding compound, HexMC (Hexcel, Duxford, 
UK), was used as a commercial discontinuous thermosetting benchmark. It consisted 
of 50 x 8mm fibre bundles with a fibre volume fraction of 0.57 and areal weight of 
2000gsm. The material was moulded as a net-shape charge and processed for 10 
minutes at 120°C to cure. 
 
A pre-impregnated carbon fibre/PEEK tape, AS4/APC-2 (Cytec Industrial Materials, 
Heanor, UK), with a nominal volume fraction of 0.61 was used as a discontinuous 
thermoplastic benchmark by chopping the tape into 25mm lengths. The chopped fibre 
was randomly distributed within the mould tool and heated to 380°C where it was held 
for 10 minutes before cooling and demoulding. 
 
3.2 Characterisation Methods 
Standard mechanical property characterisation methods used in this study (tensile, 
flexural and impact testing) can be found in Appendix C. 
 
3.2.1 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) is a thermo-analytical method to measure the 
amount of energy that is absorbed or released from a sample as it heated, cooled or held 
isothermally. DSC was used in this thesis to characterise the oxidation induction time 
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of polypropylene, which is the time taken to reach the onset of thermo-oxidative 
degradation. 
 
A TA Instruments Q2000 DSC was used to heat the virgin polypropylene at 10°C/min 
over the range of 190 – 240°C in accordance with ISO 134A. A small sample (10 - 
15mg) of polypropylene powder was heated to the set-point temperature under a 
nitrogen atmosphere to prevent oxidative degradation. The temperature was then held 
isothermally at the set-point for 3 minutes to reduce the effect of any transient 
temperature variations on the recorded data. After 3 minutes the gas supply was 
switched to air, whilst being held isothermally. As the polypropylene sample degraded 
an exothermic reaction occurred, and the onset time for this reaction (from the initial 
introduction of air) was measured. 5 samples were taken at each set-point temperature 
and an average was taken to obtain an oxidation induction time for each set point 
temperature. 
 
3.2.2 Microbond Test Method 
The method for producing carbon fibre/polypropylene microbond samples was based 
on work by Yang et al. for glass fibre/polypropylene [96]. The PP pellets were heated 
on a hot plate set to 200oC to melt the polymer. The residence time on the hot plate was 
less than 2 minutes to ensure there was no risk of polymer degradation. Tweezers were 
then used to pull the molten polymer into a long fibre, the diameter of which was not 
controlled, and could be varied by pulling at different rates from the hot plate. The long 
PP fibres were subsequently cut into shorter lengths to allow easier manipulation. 
Single carbon fibres were suspended from a backlit panel to assist with viewing, where 
a small amount of tape was needed on the end of each fibre to keep it in tension whilst 
preparing the samples. To attach the polymer fibre to the suspended carbon fibres, an 
open knot was made with the polymer fibre using two pairs of precision tweezers. This 
knot could then be positioned around the carbon fibre and the polymer fibre ends pulled 
to secure it in place. The embedded length and droplet diameter are a function of the 
volume of polymer added, so could be controlled by cutting the loose ends of the knot 
and by changing the polymer fibre diameter. 
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The droplets were formed in a nitrogen-purged oven for the non-degraded samples and 
under atmospheric conditions for the degraded samples. Once enough samples had been 
made, they were transferred to an oven on a specially prepared mesh to form the 
droplets. The degraded microdroplets were formed at 220°C for 5 minutes. The non-
degraded microdroplets were heated under a nitrogen atmosphere for the whole heating 
and cooling cycle. Again the samples were heated to 220°C, and held at temperature 
for 5 minutes. 
 
A different method was used to prepare the carbon fibre/epoxy samples. The epoxy 
used was B-staged, in a state of partial cure where full cross-linking occurs through the 
addition of heat and pressure at a later stage of processing. To further aid processing, 
this epoxy was able to be melted below its curing temperature, which allowed it to be 
pulled into fibre without curing. The epoxy was much more brittle than PP, which 
prevented it from being tied onto the carbon fibre. A soldering iron was used to apply 
heat (without touching) to an epoxy strand, making it coil around the fibre to secure it 
in place. These samples were transferred to a preheated oven at 125°C to cure for 23 
minutes in accordance with previous work carried out by Bond [138].  
 
Once the microdroplets had been produced in the oven, the individual fibres were 
mounted to card tabs using Araldite and left for 4 hours to cure. The card tabs allowed 
the fibre to be easily aligned in the loading direction as well as ensuring the fibre free 
length was kept constant between tests. Once the adhesive had cured the samples were 
viewed under an optical microscope and the embedded length, droplet diameter and 
fibre diameter were measured using ImageJ software. Finally, excess card was removed 
from around the fibre and a hole was punched in-line with the fibre to facilitate 
attachment to the tensile testing equipment 
 
The card tabs were suspended from the punched hole, on a steel hook attached to a 10N 
load cell of an Instron tensile testing machine (Model 3342). A fixture (as used by Yang 
et al. [96]) comprising two knife edges, which were movable by micrometer heads, 
constrained the droplet vertically. The knife edge separation could be finely controlled 
by the micrometers and was kept constant for each test. Positioning of the knife edges 
was aided by the use of a stereo microscope at x45 magnification.  
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The knife edge separation was 14µm and the test was carried out at a constant rate of 
0.1mm.min-1 in accordance with findings from the literature. Non-axisymmetric 
samples and samples that failed by fibre failure were not included in the results. After 
testing, the samples were re-examined under a microscope to check pure debonding had 
occurred and for re-measurements of the embedded length. Approximately 20 tests 
were used to obtain the IFSS value for each sample.
 
3.2.3 Fibre Strength Measurements 
Single fibre tensile testing was used to measure the tensile strength of the as-received 
carbon fibre and pseudo-recycled fibres to determine whether any damage had been 
introduced into the fibre during sizing removal. The test was carried out in accordance 
with ISO 11566. Single carbon filament were extracted at random from a larger fibre 
tow and glued to polymer tabs using a UV curable epoxy resin. 30 - 35 samples were 
manufactured for each fibre type to provide high confidence limits, with approximately 
80-90% of these samples being successfully tested. 
 
A specimen was mounted to a micro-tensile testing machine and gripped at each end of 
the fibre. The fibre diameter was measured by a laser micrometer to allow calculation 
of the fibre tensile strength from the fibre cross-sectional area and recorded load. The 
gauge length of the fibre was kept constant at 25mm. A 5N load cell (range: 0.1 – 5N, 
resolution: 10-4N) was used to load the specimen at a crosshead speed of 1mm.min-1 
until the fibre failed. The fibre tensile strength was calculated using Equation 3-1 
 
𝜎𝑓 =  
𝐹𝑚𝑎𝑥
𝐴𝑓
 
Equation 3-1 - Calculation of the fibre tensile strength from the maximum force (Fmax) and the 
cross sectional area of the fibre (Af) 
A software package, UvWin, was used to record the force-displacement data. The 
tensile strength of the fibres was automatically calculated in accordance with ISO 
11566. Weibull analysis was subsequently used to characterise the fibre strength, which 
is a widely used method for this procedure [116], [208], [209]. The general three-
parameter model (Equation 3-2) was simplified to a two-parameter model by assuming 
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that σth, the threshold stress (where P(σ) = 0 for σ < σth) is equal to zero for brittle 
materials [210] (further details are given in Chapter 5). 
 
𝑃(𝜎) = 1 − 𝑒𝑥𝑝 [−𝛿𝑉 (
𝜎 − 𝜎𝑇
𝜎0
)
𝑚
] 
Equation 3-2 - Equation describing the 3 parameter Weibull distribution, where P(σ) is the 
probability of fibre failure, δV is the change in volume, σ is the applied stress, σth is the threshold 
stress, σ0 is the Weibull scale parameter and m is the Weibull shape parameter 
A probability estimator (Equation 3-3) was used to calculate the probability of fibre 
failure (P(σ)i) for the i
th strength. N was the number of samples tested, which were sorted 
into ascending order and assigned a rank value (i), and α and β were statistical 
parameters that are commonly set to α = 0.5 and β = 0 [208]. These values were used 
because they have been shown to give a less biased value of the shape parameter for a 
sample size of less than 50 specimens [210]. 
 
𝑃(𝜎)𝑖 =  
𝑖 − 𝛼
𝑁 − 𝛽
 
Equation 3-3 - Probability estimator for Weibull analysis to calculate the probability of fibre 
failure for the ith strength 
As single fibre testing was carried out over one gauge length, Equation 3-2 was 
rearranged to give Equation 3-4, in the form y = mx + c, where the Weibull parameters 
σ0 and m were estimated using a linear least squares regression analysis.  
 
𝑙𝑛[−𝑙𝑛(1 −  𝑃(𝜎))] = 𝑚. 𝑙𝑛(𝜎) − 𝑚. 𝑙𝑛(𝜎0) 
Equation 3-4 - Rearrangement of Weibull three parameter model, into a two parameter model 
and arranged in the form y = mx + c
3.2.4 Surface Roughness Measurements 
Atomic force microscopy (AFM) was used to characterise the topology of the carbon 
fibres. A glass slide was used as the substrate for the carbon fibres. Two strips of 
Araldite were applied along the top surface of the slide at the extremities of the longest 
edges, which allowed a large section in the middle (with no adhesive) for the carbon 
fibres to be analysed. Single fibres were then extracted at random from the fibre bundles 
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and laid perpendicular to the applied resin. The ends of the fibre were gently pulled to 
ensure that the fibre was straight and that it was in direct contact with the glass slide. 
The adhesive was cured at room temperature for 4 hours according to the manufacturer's 
data. 
 
A Veeco Dimension 3000 SPM system atomic force microscope (AFM) was used to 
measure the surface topology of the fibres. The AFM was used in tapping mode with a 
scan area of 2 x 2µm measured for each sample. 12 scans were carried out for each fibre 
type, with 2 scans per fibre, using the same parameters but in different locations. An 
open-source analysis package (Gwyddion) was used to analyse the output and calculate 
the roughness values. The background of the fibre was removed by a 2nd order 
polynomial algorithm and the roughness values were calculated using a moving average 
calculation.
 
3.2.5 Surface Composition Measurements 
Surface chemical composition measurements were characterised by X-ray 
photoelectron spectroscopy (XPS). Samples were prepared by covering a 25.4mm 
diameter disc with adhesive tape and placing longitudinal strips of carbon tow ensuring 
that the disc was completely covered. To minimise surface contamination, the tow was 
extracted from an unexposed region of the bobbin and kept in foil. Once the tow was 
fixed to the disc, excess fibre was removed using compressed air. 
 
XPS analysis was performed using a Kratos AXIS Ultra DLD photoelectron 
spectrometer equipped with an Al kα X-ray source at 1486.6 eV. All spectra were 
recorded at a 90o take-off angle, with pass energies of 80eV (resolution 0.5eV/step) and 
20eV (resolution of 0.2eV/step) to obtain the survey spectra (0 – 1400eV) and high 
resolution spectra for the C1s peaks respectively. The surface atomic composition was 
calculated using Casa XPS software with Kratos sensitivity factors. Curve fitting of the 
XPS high resolution spectra was carried out using a Gaussian-Lorentzian product 
function with a Shirley type background. A G/L mix of 0.5 was used for all peaks except 
the main graphitic peak, where a G/L mix of 0.8 was used to fit the asymmetric graphitic 
feature [211], [212]. 
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3.3 Tow Coating Rig Commissioning 
A carbon fibre tow coating rig was designed and manufactured to produce combinations 
of polymers and fibres at different fibre volume fractions as these materials were not 
available commercially. The rig consisted of four sections and was designed to be 
modular so that each section could be moved or adjusted easily to optimise the coated 
tow output. The first section (Figure 3-1a) consisted of a number of static bars through 
which the fibre was passed to increase tension and spread the fibres laterally, increasing 
surface area. The static bars could be adjusted both vertically and horizontally, with 
eyelets at the front enabling multiple tows to be processed simultaneously. 
 
Tow spreading has been used frequently in the literature [213], [214] and in commercial 
systems (Sigmatex SigmaST and Oxeon TeXtreme) for unidirectional and woven 
composite pre-pregs. For these applications it is used to achieve a lower crimp angle 
and therefore produce composites with straighter fibres. This enhances the mechanical 
properties in both compression and tension as well as decreasing the weight by 
removing resin rich areas near the fibre cross-overs. The purpose for spreading here 
was to reduce the polymer melt flow distance by reducing the height of the fibre bundles 
and allow more intimate contact between the fibres and matrix, improving impregnation 
during consolidation and reducing cycle times [215]. Once the fibre tow was spread 
slightly and tensioned, it was passed through a vibrating powder tray (Figure 3-1b).  
 
   
Figure 3-1 – Spreading section of the tow coating rig (a) consisting of a number of static bars 
to increase tension and spread the fibre bundles. Power tray section (b) showing spreading and 
coating of the fibres with polypropylene powder. 
a b 
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The vibrating powder tray was filled with a polymer powder and fluidised by two 
electric DC motors with variable speed control mounted on either side of the tray. The 
fluidisation of the powder allowed the fibre tow to pass through the powder tray without 
significantly increasing the tension or causing fibre breakage. After coating, the 
polymer was melted in the heating section (Figure 3-2) which used two ceramic 650W 
medium-wave infrared heaters. These heaters were chosen as the polymers used here 
have spectral absorption curve peaks between 3 and 4µm (a similar wavelength to the 
output of the infrared heaters), ensuring the polymer was heated efficiently. Whilst the 
polymer was being melted, it was forced into the fibre tow by two free rotating rollers 
to improve consolidation. The rollers shown towards the front of Figure 3-2 allowed 
the polymer to be preheated and the rollers at the back were spring loaded consolidation 
rollers that forced the polymer into the tow. The spring compression could be adjusted 
to allow modification of pressure on the tow. 
 
 
Figure 3-2 - Heating section of tow coating rig showing preheat and consolidation rollers to 
ensure maximum impregnation of the polymer into the tows (heaters and side insulation 
removed for photo) 
The coated fibre tow was cooled and rewound onto a bobbin for further processing in 
the final section of the rig. A three-phase AC motor, in conjunction with an inverter, 
was used to pull the tow through the rig and control the rotational speed. A 50:1 
Spring loaded rollers 
Preheat rollers 
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reduction gearbox was attached to the motor shaft to give a range of rotational speeds 
suitable for tow coating. The line speed was set by the motor speed and the diameter of 
the bobbin, which were chosen to give speeds ranging from 0 – 10m.min-1. 
 
3.3.1 Fibre Spreading Measurements 
For the tow to be spread effectively, the tension had to be high enough to force the 
fibres to roll over each other and push outwards to the sides (see Figure 3-3). To 
quantify the tension induced by the static bars, different roller placements were tested, 
Figure 3-4 and Figure 3-5 show the two configurations that were used. Each 
configuration had 3 variants that assessed the effect of modifying the angle between 
each roller and the distance between them. 
Before Spreading After Spreading
Carbon 
Filaments
 
Figure 3-3 - Simplified schematic of spreading induced in fibre tows during processing through 
tow coating rig 
 
Figure 3-4 - View from the side of the spreading section of the rig showing static bar positions 
(circles) and path of fibre for Configuration 1 used for tension measurement experiments. 
Angles displayed in purple were modified to produce different contact lengths and total distance 
between bars. 
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Figure 3-5 -  View from the side of the spreading section of the rig showing static bar positions 
(circles) and path of fibre for Configuration 2 used for tension measurement experiments. 
Angles displayed in purple were modified to produce different contact lengths and total distance 
between bars. 
The contact length was calculated as the length that the tow was in contact with the 
rollers for each set-up and total distance was calculated as the sum of the free lengths 
of tow measured between each roller. Increasing contact length and total distance both 
resulted in an increase in tension, as increasing contact length effectively increases the 
friction in the system. To assess the effectiveness of the spreading section, the fibre tow 
was initially run through the rig without coating.  
 
The tow width was recorded using a video camera with a rule mounted directly above, 
but not touching the fibre. The sample rate was every 20 seconds (over a 20 minute 
period) with a 0.5mm margin of error. The tow width was measured for each 
configuration tested and was found to increase with tension (and therefore contact 
length and total distance). The results are presented in Figure 3-6. Irfan et al. [214] 
measured the effect of roller angle (α) and distance (L) on the tow width and compared 
it to a calculated parameter, Lcosα. The authors found that the tow width increased with 
increasing L and decreasing cosα, which is in agreement with the results reported here 
as decreasing cosα would effectively lead to a higher contact area on the rollers.  
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Figure 3-6 - Relationship between tow tension and tow width for the tension measurement 
experiments with experimental configuration shown next to each set of data. (error bars indicate 
standard deviation). 
 
Configuration Measurement Bar 1-2 Bar 2-3 Bar 3-4 Bar 4-5 
1a 
Fibre Exit Angle 130 110 70 50 
Distance 130.2 106.4 106.4 130.2 
1b 
Fibre Exit Angle 130 120 60 50 
Distance 130.2 115.5 115.5 130.2 
1c 
Fibre Exit Angle 140 120 60 40 
Distance 155.3 115.5 115.5 155.3 
2a 
Fibre Exit Angle 150 30 150 30 
Distance 199.8 200.3 200.3 199.8 
2b 
Fibre Exit Angle 140 40 140 40 
Distance 155.3 155.9 155.3 155.9 
2c 
Fibre Exit Angle 130 50 100 50 
Distance 130.2 130.9 130.9 130.2 
Table 3-1 - Fibre exit angles and distances between static bars used for the configurations shown 
in Figure 3-6. 
 
3.3.2 Volume Fraction Optimisation 
To commission the rig, a number of tests were performed to verify that the tow was 
consistent and of an acceptable volume fraction. A nominal fibre volume fraction of 
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0.45 was chosen so that moulded composites would have suitable properties for semi-
structural automotive applications. Since the volume fraction relies on the fibre surface 
area available, the width of the tow (after spreading) was a major consideration for the 
minimum volume fraction that could be achieved. To assess the range of achievable 
volume fractions, a developmental epoxy powder (Section 3.1.2) system was used for 
convenience. The epoxy melted at 65°C and cured at 120° C which meant that trials 
could be run at low temperatures compared to the thermoplastics and that subsequent 
processing and moulding would be easier. The volume fraction was measured by 
chopping the continuous coated tow into 1m lengths and measuring the mass. As 
negligible fibre was lost during processing, the mass of polymer could be determined 
and the volume fraction was calculated from Equation 3-5.  
 
𝑉𝑓 =  
𝑣𝑓
𝑣𝑓 +  (
𝑚𝑝
𝜌𝑝
)
 
Equation 3-5 – Calculation of the fibre volume fraction (Vf) from the discontinuous impregnated 
tape. Where vf is the volume of fibre (calculated from the linear density), and mp and ρp are the 
mass and density of the polymer respectively 
The effect of material and processing parameters on the tow volume fraction were 
investigated for commissioning of the tow coating rig and are outlined in the following 
sections
 
3.3.2.1 Effect of Fibre Sizing 
Fibre sizing is extremely important for technical fibres as it aids handling and provides 
protection to the fibre, as well as improving the interfacial bond between the fibre and 
polymer system. Three fibre sizing levels were trialled here (I. unsized, II. 60E - 0.3% 
epoxy sizing and III. 50C - 1% epoxy sizing). Figure 3-7 shows issues caused with the 
unsized fibre during coating and as a result, no data was collected from the trial as 
excessive fibre breakage occurred, making it unsuitable for processing. The 60E fibre 
was able to be processed more successfully and with the experimental set-up gave a 
volume fraction of 0.51 ± 0.04. The low level of sizing allowed the fibre to spread and 
very minimal fibre breakage occurred during processing. The 50C fibre was noticeably 
much stiffer than the 60E fibre and fibre spreading was reduced due to the higher 
proportion of sizing, resulting in an average volume fraction of 0.70 ± 0.04. Fibre twist 
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appeared to be reduced for the 50C fibre, but the low spreading and consequently high 
volume fraction meant that the 60E was chosen. 
 
    
Figure 3-7 - Issues caused in the vibrating powder tray section whilst using unsized fibre. a) 
Unsized fibre wrapping around rollers, b) excessive powder pick-up and fibre breakage
3.3.2.2 Effect of Powder Tray Vibration Level 
The level of vibration could be modified through control of the two variable speed DC 
vibration motors. Vibration levels of 30%, 50%, 70%, 85% and 100% (percentage of 
motor output) were tested to assess the effect of vibration on the volume fraction. At 
lower vibration levels, the polymer powder was not able to be fluidised fully and holes 
in the powder formed behind the tow path. This caused higher variability in the coated 
tow output and consequently a higher volume fraction. Additionally the tension was 
greatly increased by the loss in fluidity of the powder and large amounts of fibre 
breakage occurred when processed for longer periods of time. Figure 3-8 shows the 
effect of vibration level on the coated tow volume fraction. An optimum vibration level 
was found at 85% power where the vibration was strong enough to fluidise the powder, 
but not too excessive that it would cause powder to detach from the tow and to fall back 
into the powder tray.
 
3.3.2.3 Roller Configuration 
In the powder tray section two rotating rollers were required to guide the fibre through 
the powder for coating, three configurations of the top roller position were trialled to 
investigate changes in volume fraction. A schematic of the roller positions is shown in 
Figure 3-9, where each position defined the angle at which the fibre exited the powder 
a b 
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tray. Position 1, 2 and 3 corresponded to exit angles of -30°, 0° and 30° respectively 
(where 0° was vertical). 
 
Figure 3-8 - Effect of powder tray vibration level on tow fibre volume fraction (black dotted 
line represents the target volume fraction, error bars indicate standard deviation) 
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Figure 3-9 - Powder tray rollers required for coating a) and schematic of roller positions trailled 
to modfiy the exit angle of the fibre b) 
Position 1 (-30o) produced the highest volume fraction of the tested configurations (0.58 
± 0.08). As the fibre passed through the powder tray, the top surface appeared to have 
a thicker coating than the bottom and as the fibre was directed at -30°, the top surface 
was therefore inverted as it left the tray. Powder from the inverted top surface of the 
fibre was easily detached from the fibre due to the vibration, causing an increase in 
volume fraction. Increasing the angle of fibre leaving the powder tray decreased the 
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volume fraction as the top surface of the fibre became less inverted, retaining the 
powder on the surface. Position 3 (30o) gave the lowest volume fraction 0.45 ± 0.06, 
but had a high variability as the fibre acted like a conveyor belt pulling lumps of powder 
out of the powder tray. Position 2 (0o) appeared to give a consistent coating, whilst 
maintaining a reasonably low volume fraction 0.48 ± 0.03 compared to the first 
position.
 
3.3.2.4 Line Speed 
The line speed was an important parameter as it defined the throughput for the rig. The 
motor inverter was set to speeds of 6, 8, 10, 12 and 14 which corresponded to line 
speeds of 2.2, 3, 3.8, 4.6 and 5.4m.min-1 respectively. The line speed was calculated by 
dividing the bobbin circumference by the time taken for the bobbin to complete 1 
rotation. The bobbin was recorded using a video camera, and the line speed was an 
average of the values recorded. The results of the line speed tests are presented in Figure 
3-10. Overall there was an increase in volume fraction from 2.2 - 5.4m.min-1, with 
acceptable volume fractions being produced from 2.2 - 4.6m.min-1 (0.39 ± 0.03 to 0.44 
± 0.03 respectively). It was observed that the width of the tow decreased slightly 
through the spreading section of the rig at higher line speeds, increasing the volume 
fraction.  
 
 
Figure 3-10 - Effect of tow coating rig line speed on tow fibre volume fraction (black dotted 
line represents the target volume fraction, error bars indicate standard deviation) 
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Based on the above experiments the optimised conditions for tow coating were; a tow 
tension of approximately 15N achieved using configuration 2c of the spreading section, 
vibration level of 85%, roller position 2 and a line speed of 3.8m.min-1 The combination 
of these parameters provided the most consistent output with an acceptable volume 
fraction range. Although higher tensions, and therefore spreading was achievable, the 
configuration that gave approximately 15N was chosen. This was due to fibre breakages 
downstream caused by further increases in tension when the fibre passed through the 
vibrating powder tray. Similarly for line speeds of 4.6 and 5.4m.min-1, a number of 
issues occurred in the heating section causing stoppages in production, so a line speed 
of 3.8m-min-1 was chosen. 
 
3.3.3 Heating Requirements 
The heaters were specified for a number of thermoplastic polymers to allow processing 
of polypropylene and enable use of the rig for subsequent projects. Figure 3-11 shows 
the minimum power requirements for the thermoplastic matrices. The energy required 
to melt each thermoplastic was calculated using Equation 3-6; for amorphous 
thermoplastics (PC and PEI) the heat of fusion was 0 as there was no phase change in 
the polymer at the melting point. This meant that a much lower power was required for 
melting the amorphous polymers compared to the semi-crystalline thermoplastics. 
 
Figure 3-11 - Heating power requirements for various thermoplastic polymers with increasing 
fibre loading for a line speed of 10m/min 
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𝑄 = 𝑚𝐶𝛿𝑇 + 𝑚𝛿𝐻𝑓𝑢𝑠
𝑜  
Equation 3-6 - Calculation of the energy required to melt each polymer (Q), where m is the 
mass of the polymer, C is the specific heat capacity, δT is the change in temperature (ambient 
to the polymer melt temperature) and δHofus is the heat (or enthalpy of fusion) 
The T700 fibre had a linear mass of 0.8g.m-1 and the mass per metre of the polymer 
was calculated based on the volume fraction required. The power was calculated for a 
10m.min-1 line speed and an oven length of 300mm, which meant that approximately 
0.5m of polymer per tow needed to be melted every second. As multiple tow processing 
was desired to increase throughput, the power required was then multiplied to specify 
the heaters. Figure 3-12 shows the effect of introducing more tows, using PEEK as the 
coating material, with the horizontal lines corresponding to the heater power outputs. 
 
Using PEEK to coat the fibre was the most demanding for the heating requirements. 
Two 650W heaters were specified for the heating section to account for heating losses 
and also ensure that the heaters weren't run at maximum capacity for prolonged periods 
of time. 
 
 
Figure 3-12 - Heating requirements for multiple tows with PEEK. Dotted lines represent the 
maximum power output that the ceramic heaters could apply to the heated area
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3.3.4 Coated Fibre Quality 
The coated tow was examined under SEM to determine the quality of coating and 
whether the fibre had been sufficiently encapsulated. As expected, the epoxy matrix 
used for commissioning showed good wetting of the fibres and consistent coverage 
over the tow when viewed using SEM. Figure 3-13 shows micrographs of the CF.PP 
samples. The high viscosity of the polymer inhibited wetting into the fibre bundles and 
the spreading of the polymer was not consistent across the surface. The polymer also 
seemed to push the fibres apart instead of flowing in between them. After initial 
investigations into the wet-out of the fibre, the consolidation pressure was increased in 
the heating section of the tow coating rig. Figure 3-14 shows the micrographs for the 
CF.PP with additional consolidation pressure. The added pressure improved the wetting 
of the fibre surface and the fibres were noticeably stiffer when extracted from the rig. 
    
Figure 3-13 - SEM micrographs of carbon fibre tow coated with polypropylene, showing little 
impregnation into the fibre tow 
    
Figure 3-14 - SEM micrographs of carbon fibre tows coated with polypropylene using 
additional consolidation pressure in the heating section, demonstrating good impregnation into 
the fibre bundles
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3.4 Discontinuous Fibre Processing 
To process the continuous coated tow into discontinuous chips for composite 
manufacture, the tow was chopped into 25mm lengths. Approximately 650g (500m) of 
coated tow was required for each panel. After the fibres had been chopped, it was found 
that the bulk factor of the material was very high, primarily due to fibre curvature 
induced by the rewinding bobbin. 
 
To remove the loft, the fibres were preformed into a series of mats which could then be 
stacked easily into the tool. A 406 x 406mm square compression moulding tool fitted 
to a 160T Daniels upstroke press was used for moulding all the panels. The coated 
fibres were divided into 10 layers of equal mass to ensure that an even fibre areal density 
was achieved during preforming. To reduce fibre alignment at the edges of the 
preforms, the coated fibre was laid out over approximately 420mm square onto a high 
temperature release film. The coated fibre stack was inserted between two aluminium 
plates and transferred to a press (Daniels 160T downstroke) at 200°C and 0.1MPa for 
5 minutes. After removing the preform from the press, net-shape preforms were 
stamped out using a 400mm square cutting forme (S&W cutting formes, Nottingham, 
UK) which was loaded into a press with the preforms at ambient temperature. Figure 
3-15 shows the coated fibre stack before and after preforming 
    
Figure 3-15 - Preforming for 406mm square parts. Fibre stack before preforming (left) and fibre 
stack after preforming (right)
3.4.1 Moulding Procedure 
The literature review identified that non-isothermal compression moulding was a 
suitable processing method for these composites, the moulding process was as follows. 
Preforms were stacked between two polished steel plates that acted as a carrying 
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medium and were transferred to a press at 230oC to preheat the material. It should be 
noted that the literature suggests using infra-red heating to preheat the material, 
however initial trials showed that preheating was faster and more consistent using 
conductive heating. Thermocouples were placed in the bottom middle and top layers to 
monitor the temperature during the heating cycle, the results are presented in Figure 
3-16. The time to set point temperature was approximately 4 minutes at which point, 
the stack (including the steel plates) were transferred to the compression moulding tool. 
The press was closed at a speed of 100mm.s-1 and a pressure of 10MPa was applied for 
5 minutes to consolidate the part. Figure 3-17 shows a typical carbon 
fibre/polypropylene panel moulded using this procedure.  
 
Figure 3-16 - Press preheat temperature profile for top, middle and bottom of preform stack 
    
Figure 3-17 - Carbon Fibre/Polypropylene panel moulded at 0.45Vf manufactured using NI-CM 
for this study
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4. Interface Characterisation Using the Microbond Test 
4.1 Introduction 
The mechanical performance of the composite at the macroscale is significantly 
influenced by the microscale interface which governs the stress transfer capability of 
fibre reinforced composites. The microbond test method was used to characterise the 
interfacial strength between carbon fibre and polypropylene, as the literature had 
indicated that the affinity of these materials was poor. This method was chosen as 
sample preparation is relatively simple (see Section 3.2.2), it allows detection of small 
changes in interfacial strength, and is widely used so comparisons can be drawn to other 
data in the literature. The aim of this study was to investigate the interfacial adhesion 
between carbon fibre and polypropylene and assess whether improvements could be 
made, which may enhance macroscale performance.  
 
One of the main issues with using carbon fibre is that commercially available tows are 
coated in sizing, which is formulated to increase chemical bonding between the fibre 
and thermosetting polymers. It was identified from the literature that polar high 
temperature thermoplastics had higher interface strengths when the epoxy compatible 
sizing was removed [68]. To test this theory the sizing was removed by two methods 
which simulated pyrolysis and solvolysis (CFP and CFS respectively) recycling 
technologies currently used for carbon fibre. The first objective was therefore to 
simultaneously investigate the effect of sizing removal and compatibility with pseudo-
recycled fibres on the interface strength, as it was identified that recycling technologies 
for carbon fibre will significantly reduce the cost of the material in the future.  
 
The second objective was to investigate enhancement in the interface strength through 
the addition of a maleic anhydride coupling agent. This coupling agent was chosen as 
it is well known that maleic anhydride can significantly increase IFSS between glass 
fibre and polypropylene, where increases of 25 – 110% have been reported for these 
systems [96],[216]. Additionally a recent study between recycled carbon fibre and 
polypropylene reported 100-200% increases in IFSS [22]. The use of this coupling 
agent for sized carbon fibre and polypropylene has not been previously reported. 
Despite advances in thermoplastic-compatible sizing agents for carbon fibre, these 
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niche products command a much higher price than epoxy compatible counterparts. 
Significant cost savings can be realised if the adhesion between standard commercial 
carbon fibres and polypropylene can be improved. 
 
The final objective of this study was to investigate the effect of polymer degradation on 
the interface strength using the microbond test. It has recently been suggested that 
preparation of microbond samples should be conducted under an inert atmosphere as 
the risk of polymer degradation is high when prepared under atmospheric conditions. 
Thermo-oxidative degradation has been shown to have a significant effect on the IFSS 
for glass fibre/polypropylene systems with up to 70% reductions in IFSS observed after 
only 4 minutes at 220oC, and complete degradation after 6 minutes [217]. Moreover, 
analysis of the recorded values in a recent paper on recycled carbon fibre/polypropylene 
appeared to be very low (6.5MPa [22]) compared to values reported for glass 
fibre/polypropylene systems (10 - 25MPa [96]), despite using a coupling agent. 
 
Due to differences in data recorded between institutions as a result of different testing 
equipment and methodology, a carbon fibre/epoxy (CF.EP) benchmark was used to 
compare values against data reported in the literature and therefore validate the 
experimental setup. Samples were produced using virgin fibre (with epoxy sizing) only. 
It was found that the CF.EP benchmark had an IFSS of 45.8MPa ± 4.6, which was 
within the range of other values reported for similar systems [212], [218], [219], and 
therefore supports comparison of subsequent results collected here. As an additional 
verification of acceptable droplet production, the embedded lengths were plotted 
against the droplet diameter [220]. A linear fit through the origin confirms good droplet 
formation, as shown by the results in Appendix E. A summary of the data recorded for 
all interfacial shear strength testing is given in Table 4-1. 
 
4.2 The Effect of Fibre Sizing 
Sizing is applied to fibres to improve handling and provide protection during transport 
and processing [10], but is also optimised to enhance adhesion between the fibre and 
matrix, either through superior wetting properties or chemical bonding [221]. In this 
study, the commercially applied sizing on the carbon fibre was optimised for 
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thermosetting matrices, in particular epoxy, so chemical interaction between the sizing 
and thermoplastic polymer was not expected [81].  
            
Sample IFSS (MPa) Successful Tests Total Tests Yield  
X s 
CF.PP 
(degraded) 
3.4 1.2 31 32 0.97 
CF.PP  
(non-deg) 
8.0 2.2 35 37 0.95 
CFP.PP 8.3 1.8 25 30 0.83 
CFS.PP 10.6 1.0 21 25 0.84 
CF.mPP 31.6 4.8 26 86 0.30 
CFP.mPP 35.9 2.6 16 51 0.31 
CFS.mPP 36.2 2.9 22 47 0.46 
CF.Epoxy 
(benchmark) 
45.9 4.6 17 67 0.25 
Table 4-1 - Summary of interfacial shear strengths and yield (successful tests/total tests) for all 
microbond data 
Two types of force-displacement plot (Figure 4-1) were observed for the samples tested 
in this section and are indicative of low interface strength systems (the titles ‘Type 1’ 
and ‘Type 2’ etc. were chosen arbitrarily). The ‘Type 1’ plot was observed for almost 
all of the low interface strength samples and was characterised by a sharp drop in load 
at interfacial failure, directly followed by a constant load reading which is reported to 
be proportional to the friction of the droplet sliding along the fibre (dynamic friction) 
[106], [133]. The residual force was found to correlate reasonably well to the embedded 
area of the droplet indicating that thermal residual stresses, caused by the mismatch in 
thermal expansions during cooling, were relatively constant for all the samples [222]. 
Further investigation was outside the scope of this study.  
 
The ‘Type 2’ plots have been reported to be caused by residual polymer left on the fibre 
surface after debonding [91]. This however indicates that failure is due to cohesive 
matrix failure, where cracks propagate through the bulk matrix as opposed to along the 
interface, and not interfacial debonding. Samples that exhibited the Type 2 plots were 
inspected under SEM and no residual polymer was found. As this plot was associated 
with low interface strengths, it was attributed to a progressive interface failure rather 
than a cohesive matrix failure. 
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Figure 4-2 shows the embedded area versus peak load plot for virgin carbon 
fibre/polypropylene microbond samples (VCF.PP) as well as samples with the fibre 
sizing removed (CFP.PP and CFS.PP). Linear regression through the origin was used 
to analyse trends, and generally, the scatter in the data was relatively large, with R2 
values between 0.58 and 0.66. These values are however representative of data recorded 
for this method and (assuming the experimental set-up was unchanged – see Section 
2.2.2) can be caused by a number of factors such as microscopic heterogeneities on the 
surface of the fibre [223], changes in contact conditions due to variations in droplet size 
[106] and small variations in test temperature [224]. 
 
R2 values of 0.60 – 0.73 could be achieved by not forcing the data through the origin – 
and have been similarly reported elsewhere [91], [99], [106]. For the purposes of data 
reduction here, the shear stress along the interface was assumed to be constant [144], 
and therefore the regression lines were fitted through zero in accordance with Equation 
2-2 (Section 2.2.1.2). It should be noted that the assumption of a constant shear stress 
along the interface is a simplification of the stress profile, where FEA analysis has 
shown large peaks in stress in the vicinity of the knife edges [100], [102]. Nevertheless, 
the assumption of constant shear stress is valid for the average interfacial shear stress 
calculation as it is a close approximation of the average stress along the fibre during 
testing. 
 
 
Figure 4-1 - Typical force-displacement traces observed from microbond testing of low 
interface strength systems; ‘Type 1’ (left) interfacial debonding followed by constant dynamic 
friction and ‘Type 2’ (right) interfacial debonding followed by decreasing dynamic friction 
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Figure 4-2 - Peak force vs. embedded area plot for VCF, CFP and CFS with unmodified PP 
Removing the epoxy sizing by pyrolysis (CFP) and solvolysis (CFS) both resulted in 
an increase in IFSS (gradient of regression line). The CFP.PP and CFS.PP samples 
exhibited a 4% and 32% increase in IFSS respectively over the VCF.PP (non-
degraded). Mechanical and physical interactions between the fibre and matrix 
accounted for most of the interface strength, due to the absence of chemical bonding as 
a result of both the carbon fibre surface and polypropylene being nonpolar [81]. The 
increase in IFSS seen for sizing removal may be attributed to the sizing acting as a weak 
layer between the two interfaces (fibre-sizing and sizing-polymer) [225], preventing 
intimate contact between the fibre and polymer. The removal of sizing has been shown 
to increase the interface strength (~5%) between carbon fibres and allyl bisphenol A 
modified bismaleimide (BMI), which although a thermosetting polymer, does not have 
optimum surface functionality to bond with the sizing [226].  
 
Large differences in IFSS were also observed between the CFP.PP and CFS.PP 
samples, with the CFS.PP showing a 28% increase over the CFP.PP samples. Clearly 
the method of sizing removal had a significant effect on the surface of the fibre and the 
increase seen may be due to incomplete removal of sizing, which has been shown to 
lead to higher IFSS values due to changes in surface topology [226]. Increases in 
surface roughness are believed to be beneficial to increasing interface strength due to 
mechanical interlocking of the polymer on the fibre. However it is usually seen as a 
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product of fibre surface treatments which may also simultaneously increase surface 
energy and functional groups [84], [227], [228], resulting in increases for IFSS. Song 
et al. [229] isolated the effect of surface roughness on the IFSS for CF.EP by lightly 
etching the fibres in aqueous ammonia. The authors recorded improvements of up to 
56% in IFSS due to increased roughness and therefore overall surface area available for 
contact with the fibres. 
 
4.3 The Effect of Maleic Anhydride  
The IFSS values recorded for CF with unmodified PP ranged from 3.4MPa to 10.6MPa, 
which were significantly lower than 45.9MPa recorded for the CF.EP system. The 
addition of maleic anhydride improved the IFSS for all CF.PP systems under 
investigation. An example of a typical force-displacement plot recorded from samples 
with maleic anhydride introduced is given in Figure 4-3. The ‘Type 3’ plot (again 
arbitrarily chosen) shows similar characteristics to the Type 1 plot reported in the 
previous section, however at interfacial debonding the load reduces to zero. The load 
then partially recovers before another smaller drop observed, due to a change in friction 
from static to dynamic and the force eventually reaches a plateau value which is 
proportional to the dynamic friction [110].  
 
The region of zero load immediately after debonding is caused by release of strain in 
the fibre, coupled with the fibre undergoing Poisson’s shrinkage at high strain values 
[133]. This resulted in the fibre contracting whilst the droplet was sliding at low friction, 
causing the droplet to ‘jump’ a section of the fibre [96]. Gaps of up to 60µm were 
recorded between final debonding and resumed contact of the knife edges, which made 
it difficult to tell if the fibre or the interface has failed. The CF.EP samples and all the 
samples with the maleic anhydride coupling agent displayed the Type 3 f-d plot which 
is reported to be indicative of a high interfacial shear strength system [110], [230]. 
 
Figure 4-4 shows a plot of the peak force as a function of embedded area for the VCF.PP 
and VCF.mPP. Introducing the coupling agent at 2%wt. showed a clear increase in 
gradient as well as a reduction in data scatter. The IFSS of the VCF.PP (non-degraded) 
system was increased by 295%, from 8.0MPa ± 2.2 to 31.6MPa ± 4.8, which was 
attributed to chemical bonding at the interface as result of the functional groups 
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introduced by the maleic anhydride [231]. Figure 4-5 shows SEM micrographs taken 
from CF.EP (benchmark), CF.mPP and CF.PP microdroplet samples respectively. The 
increase in interface strength due to the addition of the maleic anhydride coupling agent 
resulted in a change in failure at the contact point with the knife edges. Failure of the 
CF.mPP specimens was similar to the CF.EP specimens, with a small part of the 
meniscus becoming detached from the droplet after debonding. Figure 4-6 shows higher 
magnification images of the menisci for the CF.EP and CF.mPP samples.  
 
 
Figure 4-3 – ‘Type 3’ force-displacement plot observed for all high interface strength systems 
tested in this study 
 
Figure 4-4 - Peak force vs. embedded area plot for CF.PP, with and without maleic anhydride 
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Figure 4-5 - SEM micrographs of (left) a debonded CF.EP microdroplet with detached 
meniscus (middle) CF.mPP microdroplet also with detached meniscus and (right) CF.PP 
microdroplet without a detached meniscus 
 
Figure 4-6 - SEM micrographs of the meniscus from (left) a CF.EP microdroplet and (right) a 
CF.mPP microdroplet, both after debonding 
There was no discernible difference in the shape of the residual meniscus between the 
two samples and no signs of ductile behaviour for the CF.mPP samples. This suggested 
that the brittleness of the polypropylene in the interface region was increased, where 
plastic deformation was restricted by the cross-linked structure of the maleic anhydride. 
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The coupling agent is known to migrate to the fibre surface during the formation of 
composites [231],allowing chemical bond formation with the fibre and therefore 
simultaneously increasing the bond strength, and promoting the brittle failure 
characteristics seen here.. This effect is not observed at the macroscale for 
polypropylene as maleic anhydride concentrations of up to 10wt.% have been reported 
to have no effect on the bulk mechanical properties [232].  
 
The presence of the meniscus remaining on the fibre after debonding raises the issue 
that the failure may not be completely interfacial, and therefore may partly be due to 
matrix cracking. No remains of polymer were found along the debonded region 
however, which suggests that apart from the meniscus, the failure mechanism was 
interfacial. In any case, the effect of matrix cracking in the meniscus region has been 
shown to have negligible effect on the final pull-out force, and therefore interfacial 
shear strength [142]. The embedded lengths were therefore corrected for samples that 
showed meniscus failure, measured by optical microscopy after testing. 
 
The modified PP was also combined with the CFP and CFS fibres to assess the 
compatibility of mPP with the bare carbon fibre surface. The peak load vs. embedded 
area plot is presented in Figure 4-7. Compared to the samples with no coupling agent 
the data scatter was lower, indicating that microbond samples were less sensitive to 
small changes in the fibre surface when the coupling agent was added. The interface 
strength increased by 349% and 353% to 35.9MPa ± 2.6 and 36.2MPa ± 2.9 (compared 
to the VCF.PP samples) for the CFP.mPP and CFS.mPP samples respectively. 
Statistically there was no discernible difference between the CFS.mPP and CFP.mPP 
systems, given the level of experimental variation. Both the CFS.mPP and CFP.mPP 
samples outperformed the VCF.mPP by approximately 14-15%, however such large 
improvements seen for all the samples with mPP demonstrated that chemical bonding 
was possible between the commercial sizing agent as well as the bare carbon fibre 
surface.  
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Figure 4-7 - Peak force vs. embedded area plot for all fibre types with modified polypropylene 
(CF.mPP, CFP.mPP and CFS.mPP) 
Figure 4-8 - Peak load vs. embedded area plot for CFS.mPP and CF.EP shows the 
CFS.mPP data plotted with CF.EP, demonstrating the significant improvement in 
interface strength for the carbon fibre/polypropylene samples. For these systems with 
higher interface strengths it became increasingly difficult to test a sufficient range of 
embedded lengths, as small changes had a large effect on the peak load and 
consequently tensile stress in the fibre. For the high interface strength systems the 
tensile stress in the fibre (calculated from peak load divided by fibre cross-sectional 
area) was found to be 60 - 80% of that reported in the manufacturer’s datasheet 
(4900MPa). The strength achieved on the datasheet is not achievable in practice through 
single fibre testing as the manufacturer’s test procedure uses resin-encased tows as 
opposed to single fibres. Nevertheless, this gave some uncertainty to the value of IFSS 
and indicated that the IFSS values recorded were a lower bound result of the true 
interfacial shear strength for these systems.  
 
The consequence of measuring higher interface strength systems was that a higher 
percentage of tests resulted in fibre failure before interfacial debonding could occur. 
Figure 4-9 shows the relationship between interfacial shear strength and the ‘yield’ 
(tests that failed by interfacial failure, divided by total tests performed). The lowest 
yield was found for the CF.EP samples, where only 1 in 4 tests were successful and a 
total of 67 samples were tested to obtain enough data to reasonably determine the IFSS. 
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Similar yields were found for the modified polypropylene systems which made this test 
method extremely inefficient for measuring high IFSS values. 
 
 
Figure 4-8 - Peak load vs. embedded area plot for CFS.mPP and CF.EP 
 
Figure 4-9 - Relationship between yield and interface strength (error bars are standard 
deviation) 
Despite a large number of samples resulting in fibre failure, an acceptable number 
(approximately 20) were able to be tested to allow data reduction for all of the systems. 
The combination of adding a coupling agent and removing the epoxy sizing yielded the 
highest IFSS, where the effects of adding the coupling agent were more significant than 
removing the sizing agent. The addition of the coupling agent brought the IFSS values 
R² = 0.70
R² = 0.73
0
50
100
150
200
250
300
0 1 2 3 4 5 6 7 8
P
ea
k
 L
o
ad
 (
m
N
)
Embedded Area (x103 μm2)
CF.EP
CFS.mPP
0
10
20
30
40
50
60
0.0 0.2 0.4 0.6 0.8 1.0
In
te
rf
ac
ia
l 
S
h
ea
r 
S
tr
en
g
th
 (
M
P
a)
Yield (interface failure/total tests)
The Effect of Maleic Anhydride 
78 
for the CF.PP system close to values reported in the literature and observed here for 
carbon fibre/epoxy [212], [218], [219].  
 
The improvement in IFSS from the addition of maleic anhydride was much higher than 
values reported in the literature for a similar system. Wong et al. [22] investigated the 
effect of maleic anhydride on the IFSS for recycled carbon fibre/polypropylene. The 
authors found a maximum increase of 197% with the addition of 8%wt G3015 maleic 
anhydride, however this was from 2.36MPa to 7.00MPa, lower than even the VCF.PP 
investigated here. Whilst the carbon fibre (T600SC-60E) and polypropylene (100-
GA12) grades used were different to the current study, the values reported were 
approximately 80% lower than the values reported here, using the same microbond test. 
Polypropylene is sensitive to oxidation, which can cause mechanical degradation [217]. 
Samples for the current study were all prepared under nitrogen to avoid oxidative 
degradation. The following section investigates the sensitivity of the IFSS to 
environmental conditions during sample preparation, in order to explain the 
discrepancy between the current data set and the literature.
 
4.4 The Effect of Matrix Degradation 
Differential scanning calorimetry was used to measure the oxidation induction time 
(OIT) of the polypropylene used in this study. At the point of degradation, 
polypropylene exhibits an exothermic reaction [233] which can be monitored using this 
method. Further details of the methodology were given in Section 3.2.1. Figure 4-10 
shows the effect of temperature on the OIT for the polypropylene used in this study 
(blue) and another commercially available polypropylene (green). Clearly there was a 
significant difference in the OITs recorded for the two polymers, which was due to an 
anti-oxidant package added to the polypropylene in this study [234]. Additives are often 
used to improve thermal properties, but are seldom mentioned in material datasheets as 
they are proprietary to the manufacturer. Even with the use of an anti-oxidant package, 
the polypropylene was still susceptible to degradation at elevated temperatures, at 
220oC the OIT was approximately 3 minutes. To ensure the degradation process had 
initiated in the degraded microbond samples, they were prepared at this temperature for 
5 minutes. Further details of the droplet formation methodology was described in 
Section 3.2.2. 
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Figure 4-10 - Oxidative induction time for polypropylene, with and without stabilisation 
packages to prevent thermo-oxidative degradation (blue line corresponds to the polypropylene 
used in this study, and green line to another commercial available grade) 
 
Figure 4-11 - Peak force vs. embedded area plot for degraded and non-degraded CF.PP samples 
Figure 4-11 shows the peak force versus embedded area plot for the degraded and non-
degraded VCF.PP samples. The degraded samples had an IFSS of 3.4MPa ± 1.2, similar 
to that found in [22], equating to a 58% reduction compared to the non-degraded 
samples (8.0MPa ± 2.2). Data scatter was observed to be higher in the degraded system, 
shown by the poor linear regression fit through the origin (R2 = 0.48). On inspection of 
the data, droplets with large diameters appeared to have a higher than expected IFSS 
and droplets with smaller diameters had a lower than expected IFSS. This was caused 
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by the larger surface area-to-volume ratio of the smaller droplets [217], where a higher 
level of degradation occurred in the smaller droplets, since a greater percentage of the 
polymer was exposed to oxygen per unit time.  
 
Chain scission is the primary mechanism of degradation for thermo-oxidative 
deterioration [235], where the polymer chain effectively separates, reducing the 
molecular weight. It is well known that a reduction in molecular weight leads to 
undesirable attributes such as embrittlement [236] and reduction in crystallinity [217]. 
The effect of which is extensive deterioration in mechanical performance [237], with 
decreases in crystallinity reportedly accounting for up to 70% of the IFSS for GF.PP 
due to significant reductions in compressive radial stress at the interface [155]. Figure 
4-12 shows the difference in surface topology as observed by SEM of typical degraded 
and non-degraded polypropylene microbond samples after testing. The degraded 
sample had a rough and pitted surface, which is a common phenomenon referred to as 
‘chalking’ in polymer degradation [238]. The non-degraded sample had a smooth 
surface with visible spherulite boundaries formed during crystallisation.  
 
Figure 4-13 shows a magnified view of the menisci for the two samples. The meniscus 
was not present for the degraded sample and was also not found on the fibre, which 
suggests that embrittlement in the polymer had occurred and the meniscus fragmented 
during testing. In contrast, the non-degraded sample showed almost no signs of being 
tested, with only a small plastic deformation to the right of the fibre where the knife 
edge was in contact. Interestingly, optical microscopy was also able to identify the 
effects of degradation, with small changes in colour and opacity noticed. Figure 4-14 
compares optical micrographs of the degraded and non-degraded samples. The changes 
were however very slight between the samples and it would be difficult to notice the 
degradation without a side-by-side comparison, indicating that it may be hard to 
monitor whether samples have degraded using optical microscopy. Exposing the 
polypropylene to elevated temperatures, even for a very short period of time, had a 
significant impact on the degradation of the polymer and therefore the interfacial 
properties. It is therefore recommended that a batch of samples are screened by SEM 
to check for signs of degradation, such as chalking, before testing or that droplet 
formation is carried out in an inert atmosphere.  
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Figure 4-12 - SEM images of non-degraded (left) and degraded (right) microbond samples after 
testing 
 
Figure 4-13 - High magnification SEM images of menisci of non-degraded (left) and degraded 
(right) microdroplets presented in Figure 4-12 
 
Figure 4-14 - Optical microscopy images of non-degraded (left) and degraded (right) 
microbond samples prior to testing. This highlights the difficulty in identifying degradation 
from visual observation at this scale. 
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4.5 Conclusions 
The objective of this study was to investigate the adhesion between carbon fibre and 
polypropylene. The importance in understanding interactions at the microscale was 
paramount, as ultimately these properties affect the macroscale mechanical 
performance. The removal of fibre sizing by pyrolysis yielded a 4% increase in the 
IFSS, and sizing removal by solvolysis increased the IFSS by 33%. The addition of 
maleic anhydride had the largest effect on the IFSS, with a 295% increase over the base 
polymer for the virgin fibres and 349% and 353% increase for the CFP and CFS 
samples respectively. The combination of removing sizing by solvolysis and the 
addition of the coupling agent yielded the highest IFSS value of 36.2MPa ± 2.9, which 
is approaching the shear strength of the polymer - the theoretical maximum IFSS value 
that can be achieved. The excellent adhesion between carbon fibres with epoxy 
compatible sizing and modified polypropylene has not been reported before, and 
indicated that fibres with this sizing are appropriate for use with thermoplastic matrices. 
This is pertinent as carbon fibres are almost exclusively sized for use with thermosetting 
matrices, where thermoplastic sized fibres will add further material cost due to limited 
market volumes in comparison with CFRPs. 
 
The value of the IFSS for the maleic anhydride modified samples was much higher than 
other values reported for similar systems in the literature, which suggests that other 
authors may have tested samples that have degraded during droplet formation. Matrix 
degradation is therefore a key factor in interface strength measurements, where the IFSS 
was 135% higher for samples prepared under nitrogen, compared with those prepared 
under atmospheric conditions. The oxidation induction time was measured for 
polypropylene and revealed that degradation occurred after less than 3 minutes at 
typical sample processing temperatures. 
 
From the IFSS tests it was identified that surface roughness may contribute to the 
interface strength. Residual stresses formed during droplet formation were not 
responsible for changes in interface strength because all samples were prepared at the 
same temperature. For the higher interface strength systems chemical bonding was the 
dominant mechanism, however it was unclear why the interface strength was higher for 
the desized fibres. Additionally, a significant reduction in yield was observed for the 
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higher IFSS systems, despite the recorded tensile stresses in the fibre being lower than 
the manufacturer’s strength data. This suggested that the microbond method may not 
be able to detect higher interface strength values and as a consequence, the data for 
carbon fibre with modified polypropylene may be lower bound results. 
 
The next chapter investigates the effect of surface roughness and chemical interactions 
on the interfacial shear strength to explain the difference in data recorded in this study. 
Additionally fibre strength measurements were taken to assess whether reductions in 
yield were a consequence of reduced strength compared to the manufacturer’s data, and 
the implications this would have on using the microbond test method for these systems. 
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5. Microscale Fibre Characterisation and Effect on the 
Microbond Test 
5.1 Introduction 
Fibre and matrix interaction at the microscale is extremely complex and drawing 
conclusions from work in the previous section on the microbond test required further 
analysis. Fibre strength characterisation was employed to investigate whether damage 
had occurred to the fibres during sizing removal to account for a higher proportion of 
tests resulting in fibre failure for high interface strength systems. Surface roughness 
measurements were taken to assess whether changes in fibre surface topology were 
responsible for changes to the interfacial shear strength due to mechanical interlocking, 
which was believed to be a significant factor for samples that did not form chemical 
interactions. Finally, functional groups present on the surface of the fibre were also 
analysed and the effect of fibre surface chemistry on the interfacial shear strength was 
investigated. 
 
5.2 Fibre Strength Characterisation 
5.2.1 Weibull Analysis 
Figure 5-1 shows the Weibull plots for data recorded from the single fibre tensile test 
using two-parameter unimodal Weibull analysis. The linear regression lines represent 
the strength distribution for each system and characteristic strengths were calculated at 
ln[-ln(1/(1 – Pf))] = 0. The two-parameter model is commonly simplified for the 
analysis of brittle fibres [239]–[241] and was preferred over the general three-parameter 
model due to greatly reduced complexity in data analysis. Moreover, it has been shown 
that the iteration required to obtain the best correlation of data for three-parameter 
analysis may lead to unrealistic results [242]. All of the plots showed good agreement 
between experimental data and Weibull distribution, with values close to others 
reported in the literature for carbon fibre at a 20mm gauge length [84], [209], [243]–
[245]. The characteristic strength is very sensitive to the gauge length used for single 
fibre tensile testing (SFTT), and a number of authors have performed scaling analyses 
to allow extrapolation of data to lengths that are difficult to test [241], [246]–[248]. In 
this study, a single gauge length of 20mm was investigated as it was approximately 
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equal to the effective fibre length for microbond testing in the previous chapter, and 
allowed relatively easy preparation of samples compared to shorter lengths. The 
Weibull parameters obtained are summarised in Table 5-1. 
 
 
Figure 5-1 - Weibull coordinate plot for single fibre tensile testing for the three fibre treatments 
used in this study 
Fibre Fibre tensile strength 
(GPa) 
Shape 
parameter 
Characteristic 
Strength (GPa) 
Samples 
avg st dev 
VCF 3.3 0.69 5.66 3.57 23 
CFP 3.96 0.72 6.59 4.24 27 
CFS 3.91 0.76 6.26 4.21 25 
Table 5-1 - Single fibre strength data obtained from single fibre tensile testing and Weibull 
parameters 
For the Weibull plots (Figure 5-1) the lower strength region was not well defined by 
the least squares regression analysis, which appeared to be a common issue arising from 
fitting carbon fibre data with a unimodal Weibull distribution [246], [247], [249]. 
According to Beetz [239] and more recently Zinck et al. [242] fibre strength analysis is 
likely to be bimodal due to multiple types of defects present on the surface of fibre. For 
bimodal systems, there are low and high strength defects, with the former arising from 
surface damage during handling [247] and the latter due to fibre defects formed during 
heat treatment processes during fibre manufacture [240]. Fibres with tensile strengths 
below 2GPa were extremely difficult to extract from the fibre bundles due to the low 
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strength defects described above. This meant that the lower region of the bimodal 
distribution would not be well represented unless a significant number of samples were 
tested [208]. Moreover, it was assumed that similar difficulties in fibre extraction (of 
fibres with the low strength defects) would occur for the microbond test and therefore 
the lower strength region was not of direct interest for this study. 
 
A unimodal two-parameter Weibull analysis was therefore used here, which has been 
shown to provide similar values to the three-parameter model when tested at a single 
gauge length [250]. Although the samples size studied was relatively small (23 - 27 
samples) it has been shown in the literature that the statistical validity of the data 
obtained from this sample size is sufficient for this type of analysis [246].  
 
The distribution of the fibre strengths is shown in Figure 5-2 as a cumulative 
distribution function. The manufacturer's data for the tensile strength of carbon fibre 
was 4900MPa (38% higher than the characteristic strength value obtained for the VCF) 
As discussed previously, the manufacturer’s test method (TY-030B-01) measures the 
strength of a carbon fibre tow encased in epoxy resin and is therefore likely to be much 
larger than strengths recorded here using single fibre tensile testing. Increases of 18-
19% in characteristic strength were observed for the CFP and CFS fibres and the 
Weibull modulus was also increased over the VCF by 16 and 11% respectively, 
showing that the spread of the data was reduced in these samples. The Weibull moduli 
recorded agreed well with other data in the literature (approximately 4.5-10 [147], 
[240], [244], [251]), although the VCF fibre tended towards the lower end of reported 
vales. 
 
On inspection of the breaking loads recorded for the SFTT, there was a marginal 
increase for the CFP and CFS fibres (7 - 8%) over the VCF fibre, from 110mN ± 27 to 
118mN ± 19 and 119mN ± 25 respectively. This indicated that the sizing on the as 
received fibres may have slightly skewed the results as it increased the apparent 
diameter of the fibre, but didn’t necessarily contribute to the fibre strength. Moreover, 
the CFP and CFS fibres had on average a 0.2µm smaller diameter than the as received 
fibres, which was significant as the sizing layer on the fibre has been reported to be an 
order of magnitude smaller than this [87], suggesting that some of the outer layer of the 
carbon fibre may have become detached during sizing removal or subsequent washing.  
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To assess the extent of outer layer removal from the fibre, the sizing layer thickness 
was estimated. Fibre and sizing densities were taken as 1800 and 1250kg/m3 
respectively, the fibre diameter (including sizing) was 7µm, linear mass of the T700 
tow was 800g/1000m for a 12000 filament tow, with 0.3%wt. of sizing. Using these 
values the sizing thickness was calculated to be approximately 80nm, which suggests 
that 120nm of fibre was removed from the surface for the CFP and CFS fibres. 
 
 
Figure 5-2 - Probability of fibre failure based on fibre tensile strength plotted as a cumulative 
distribution function 
Highly oriented graphitic planes are formed on the outer surface of carbon fibre by heat 
treatment during manufacture [252]. As heat treatment increases, these basal planes 
become increasingly thick and aligned [253], which improves the fibre tensile modulus, 
but may reduce tensile strength [252]. In the core the graphitic structure is much more 
irregular and as heat treatment increases, bonding between these dissimilar layers 
decreases leading to reductions in tensile strength [253]. This highly aligned outer layer 
of carbon fibre, typically 1.5µm [252], is relatively weak [133], [254], and removal of 
this layer therefore increases the tensile strength [255] and has been shown to improve 
the interface strength in carbon fibre/epoxy [256]. It has also been suggested that the 
removal of the outer layer removes surface flaws, which may increase tensile strength 
properties [255], however the similarity in shape of the curves in Figure 5-2 suggests 
that there was no change in failure mechanism. As only approximately 120nm of the 
surface layer was removed from the fibre, this may not be enough to remove the effects 
of the critical surface flaws. 
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Partial removal of this outer layer may then be the explanation for the CFP.mPP and 
CFS.mPP microbond samples showing improvements in IFSS over the VCF.mPP 
samples. As the fibre strength was found to be higher for the two desized fibres, higher 
interface strengths could be tested, which may suggest that the average IFSS for the 
VCF.mPP was a lower bound result, as stronger interfaces couldn’t be tested due to 
fibre breakage. The agreement between the increases in characteristic strengths 
compared with the increases seen in IFSS, between the three fibres respectively, 
certainly support this hypothesis. Additionally, the reduction in data scatter from the 
VCF to the desized fibres may also be explained by an increased range of embedded 
lengths available due to the increase in fibre strength.
 
5.2.2 Implications of Fibre Strength on the Microbond Test 
By quantifying the fibre strength for the three fibre permutations that have been used, 
the theoretical maximum embedded length could be calculated for a known interface 
strength using Equation 5-1. Figure 5-3 shows the microbond data collected for the 
VCF fibre with maleic anhydride added to the polypropylene (CF.mPP), the dotted line 
represents the theoretical maximum embedded area that could be produced for tests to 
result in interface failure, as opposed to fibre failure. The fibre strength values used 
here were the characteristic strength values calculated from the Weibull analysis. The 
theoretical maximum embedded area shows good agreement with the experimental 
data, with almost all of the data points for interfacial failure occurring before the 
maximum theoretical embedded area, with a significant number of fibre breakages 
after. 
𝐿𝑒 <  
𝜎0𝐷𝑓
4𝜏𝑎𝑝𝑝
 
Equation 5-1 - Relationship between the embedded length and maximum tensile strength of the 
fibre, where Le is the embedded length, σ0 is the characteristic fibre strength, Df is the fibre 
diameter and τapp is the apparent interfacial shear strength 
Figure 5-4 shows the relationship between embedded length and interfacial shear 
strength for the fibre strengths recorded from the single fibre tensile test. Clearly as the 
interface strength of a fibre/matrix system increases, the range of available embedded 
lengths decreases, which reduces the reliability of the value of IFSS obtained from 
linear regression. The range of suitable embedded lengths for testing with carbon fibre 
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is shown in the figure by the vertical lines, ranging from 90µm to 300µm. Droplets with 
embedded lengths of less than 90µm were extremely hard to prepare due to the small 
amount of polymer needed, and droplets with embedded lengths of over 300µm were 
often non-axisymmetric. The theoretical maximum embedded length was 
approximately 200µm for interface strengths of 35MPa, therefore the range of available 
embedded lengths was effectively halved, explaining the reduction in yield at higher 
values observed in the previous chapter. 
 
Figure 5-3 - Microbond test data for CF.mPP with theoretical embedded length limit. Fibre 
failure indicates that the fibre failed before the interface. 
 
Figure 5-4 - Maximum theoretical embedded length for a given IFSS based on data obtained 
from microbond testing. The red bounds indicate the range of practical droplet sizes available 
for carbon fibre and polypropylene 
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5.2.3 Conclusions 
The single fibre tensile test was used to characterise the fibre tensile strength and 
investigate the effect of fibre strength on the microbond test results, as well as assessing 
the validity of the test for higher interface strength carbon fibre/polypropylene systems. 
Increases in fibre strength were observed for the CFP and CFS fibres over the VCF 
fibres and were attributed to the removal of the sizing layer, which acted to increase the 
diameter of the fibre, but not significantly contribute to the tensile strength. 
Additionally approximately 8% (120nm) of the highly oriented graphitic outer layer of 
fibre was also removed, which has been shown to increase tensile strength in carbon 
fibres. On inspection of the cumulative distribution functions of the three fibre types 
there was no significant change in shape, which suggests that the increase in strength 
seen for the CFP and CFS fibres was not flaw driven. Therefore the partial removal of 
the outer layer of the fibre was not enough remove critical surface defects. 
 
The fibre strength data was used to characterise the maximum theoretical embedded 
length for each fibre type and analysis of fibre and interface breaking loads agreed well 
with the theoretical values. The yield of samples was compared with the interface 
strength and showed a linear trend of decreasing yield with increasing IFSS, supporting 
the hypothesis that the higher interface strength systems tested here were either at the 
maximum or slightly higher than the maximum that this method could measure. This 
then suggests that the data for the VCF.mPP, CFP.mPP and CFS.mPP may be lower 
bound results, as approximately 70% of the tests resulted in fibre failure. To form 
consistent axisymmetric droplets, the maximum embedded length range was 
approximate 90-300µm, and investigation of the relationship between IFSS and 
embedded length showed that to obtain a range of lengths that would allow reasonable 
data reduction, the maximum IFSS that could be tested for carbon fibre/polypropylene 
was approximately 20-30MPa. Although it is possible to test systems with higher 
interface strengths, the confidence in the IFSS value will decrease as only a limited 
range of embedded lengths can be tested, additionally sample preparation would be 
extremely laborious. 
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5.3 Fibre Surface Characterisation 
5.3.1 Atomic Force Microscopy 
The surface roughness of each fibre permutation was characterised using AFM, further 
details of the experimental procedure were given in Section 3.2.4. The fibre topology 
was investigated as interfaces without chemical coupling rely on mechanical 
interlocking as a mechanism for stress transfer. AFM was capable of resolving 
nanoscale features and therefore able to detect changes in roughness due to striations 
or other asperities on the surface. The results from the AFM measurements are 
summarised in Table 1-1. The root mean square roughness RRMS and mean roughness 
Ra are typically similar in value, however RRMS is affected more by large peaks in the 
data. The VCF fibre had the largest percentage increase between Ra and RRMS values, 
suggesting that the surface was the least uniform, additionally it also displayed the 
largest maximum height (44 and 57% higher than CFP and CFS fibres respectively). 
Inspection of the fibre surface topology showed that there were often large features 
present on the surface of the VCF fibre, two of the more extreme cases are presented in 
Figure 5-5.  
 
  Fibre Type 
  CF CFP CFS 
RMS roughness, RRMS (nm) 15.5 5.9 4.0 
Mean roughness, Ra (nm) 11.5 4.5 3.1 
Max Height (nm) 77.5 45.3 43.4 
Scan size (µm) 2x2 2x2 2x2 
Table 5-2 - Results from AFM on the surface roughness characteristics of the three fibre 
treatments 
As the topology was scanned, data was simultaneously collected on the phase lag 
between the drive signal-to-AFM cantilever and the actual cantilever oscillation. 
Changes in phase lag between the two signals have been reported to be caused by 
differences in material elastic modulus and have therefore been used to distinguish 
between dissimilar materials [257]. Further interpretation of the physical meaning of 
the changes in phase lag was extremely difficult however, as mechanical and physical 
properties such as viscoelasticity and adhesion simultaneously contribute to the results 
[258]. Figure 5-6 shows phase lag images for two samples shown in Figure 5-5. There 
was almost no change in phase lag for the larger features present on the surface which 
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would indicate that they were likely to be similar, if not the same composition as the 
sizing present on the rest of the fibre.  
 
Figure 5-5 - AFM imaging of large features present on the VCF fibre surface 
 
Figure 5-6 - Phase lag plots obtained from AFM corresponding to images shown in Figure 5-5 
The origin of the lumps of sizing present on the fibres was due to sizing tearing during 
extraction of fibres, resulting in a large layer left on the fibre surface. The small change 
in phase lag at the feature edges, shown in Figure 5-6, was attributed to an increased 
apparent stiffness of the material caused by a sharp increase in gradient of the surface 
[259]. A number of topology scans of the VCF fibre revealed that the thickness of the 
sizing was very uneven in some areas, leading to a higher overall roughness. 
 
The CFS fibres had the second highest surface roughness and maximum height values, 
Figure 5-7 shows two surface profiles from the AFM measurements. Interestingly, the 
surface of the CFS fibres appeared to have striations along the length, which was 
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surprising as striations are not common on the surface of unsized T700, they are 
typically associated with lower modulus fibres such as T300 [65], [229]. Based on the 
fibre diameter reduction for the CFP and CFS fibres discussed in the previous section, 
these striations may be visible due to the removal of the outer layer of the fibre – 
exposing the core which is formed of ‘rippled ribbons’ of basal planes [253]. These 
features increased the surface roughness of the fibre by 18% over the CFP fibre. The 
corresponding phase maps (Figure 5-8) showed that there was no significant change in 
phase across the surface of the fibre, indicating that the sizing was removed fully and 
no contamination was present on the surface.  
 
Figure 5-7 - AFM imaging of the features present on the CFS fibre surface 
 
Figure 5-8 - Phase maps obtained from AFM corresponding to images shown in Figure 5-7 
In contrast to the CFS samples, the CFP samples had the lowest roughness, and did not 
display any striations along the surface of the fibre. The topology images showed that 
in most cases the fibre surface was relatively homogeneous, however there were some 
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larger features present on a few of the samples (Figure 5-9) which may have accounted 
for the slightly higher change in RRMS compared to the CFS fibre. The features on the 
surface of the CFP fibres were much smaller in size than that found on the VCF fibres, 
and on inspection of the phase lag images these features had a relatively large change 
in phase (Figure 5-10), which indicated that they were not likely to be the same material 
as the fibre surface. It has been reported that char forms on the surface due to thermal 
decomposition of the epoxy sizing from pyrolysis treatments [260], however these 
products would be of a much larger magnitude than shown on the AFM phase lag plot. 
Due to the changes in diameter recorded for the desized fibres and the difference in 
surface morphology compared to the CFS fibres, it was proposed that these features 
were fragments of aligned graphitic outer layer of fibre that hadn’t been completely 
removed.  
 
Figure 5-9 - AFM imaging of the features present on the CFP fibre surface 
 
Figure 5-10 - Phase maps obtained from AFM corresponding to images shown in Figure 5-9
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5.3.2 Effect of Surface Roughness on the Interfacial Shear Strength 
The intermittent presence of large features on the surface of the VCF undoubtedly had 
an influence on the IFSS, and may explain the higher level of variability recorded for 
both the VCF.PP (~45% higher) and the VCF.mPP (~85% higher) microbond samples 
compared to the desized samples. These large variations masked the ‘true’ surface 
roughness of the sized fibres and therefore reasonable comparison to the IFSS data was 
difficult. Additionally these features would be unlikely to be seen for fibres in a tow, as 
they were created by extracting fibres from the bundles. Samples with large surface 
features were subsequently excluded from the analysis to investigate the surface 
roughness for the uniformly coated fibres. Although the reliability of the data was 
slightly reduced, due to the reduced number of samples, it was observed that the VCF 
fibres had a surface roughness of 3.38nm, which was in agreement with other data in 
the literature for virgin T700SC fibres [261].  
 
For both the low and high interface strength systems, the IFSS increased with the 
surface roughness. Between the VCF and CFS, there was a 57% increase in surface 
roughness and a 33% increase in IFSS (VCF.PP and CFP.PP). The CFP fibre showed 
a 33% increase in surface roughness but only a 4% increase in IFSS. The discrepancy 
between the IFSS of the CFP and CFS may have been due to types of surface features 
seen on the fibres. Although the roughness values were similar, the CFS fibres showed 
consistent striations on the surface, with almost no other features present, whereas the 
CFP fibre displayed a relatively homogenous surface, with small features present 
intermittently. Small scale surface features such as striations have been shown to cause 
thermal stress concentrations and therefore enhance nucleation of the polymer on the 
fibre surface [81]. This may lead to improved mechanical interaction between the fibre 
and matrix and explain the increase in IFSS seen for the CFS over the CFP samples. 
 
The effect of the removal of sizing was observed to have the most significant effect on 
the IFSS values as it has been shown to be a weak layer that effectively prevents direct 
interaction between the fibre and matrix [262]. The tearing of sizing seen from AFM 
images indicated that the sizing layer was soft and therefore may have relieved some of 
the compressive residual stresses formed during cooling [263], which accounts for a 
significant proportion of the IFSS in low interface strength systems [155], [264]. 
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Surface roughness was certainly a factor for interfacial strength, although only small 
changes were observed, so the significance was likely to be low [265]. It was however 
believed to be of greater importance for the lower interface strength systems. 
 
In the higher interface strength systems, the surface roughness was less likely to have a 
significant influence over the IFSS results, as chemical interactions were observed to 
be an order of magnitude greater for microbond testing. Therefore the correlation with 
the surface roughness data was presumably coincidental for these higher interface 
strength systems and other methods would be required to analyse the differences seen 
in IFSS. Contact angle experiments are frequently performed to characterise the wetting 
behaviour between materials, and have been reported to be significant factors for the 
interfacial strength. Components of energy are able to be separated to into dispersive 
and polar forces - responsible for weak and strong interactions between interfaces 
respectively, which allows some analysis of both low and high interface strengths. A 
review of data in the literature showed however that only a minority of authors were 
able to link (albeit loosely) the effects of surface energy to IFSS [225], [266], with other 
authors finding no correlation at all [79], [129], [152], [267]. X-ray photoelectron 
spectroscopy (XPS) is a common method for characterising surface chemistry and 
therefore higher interface strength systems, and was used here to interpret differences 
in IFSS observed between the VCF and desized fibres.
 
5.3.3 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was used to analyse the change in surface 
functionality due to sizing removal and the results for the VCF, CFP and CFS fibres are 
given in Table 5-3. Details of the procedure used as well as peak fitting can be found 
in Section 3.2.5. The survey spectra for VCF, CFP and CFS are presented in Figure 
5-11. The VCF fibre surface was primarily composed of carbon and oxygen with trace 
amounts of nitrogen, silicon and sodium, potentially left from the fibre manufacturing 
process [207]. The desized fibres (CFP and CFS) were also mainly composed of carbon 
and oxygen, but had higher proportions of nitrogen, sodium and silicon compared to 
the VCF fibre, which was consistent with observations reported in the literature for 
T700 fibres [207], [221].  
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Fibre Type 
  Photopeaks   Ratios 
  C 1s O 1s N 1s O/C N/C 
VCF At (%) 76.4 22.8 0.8 0.30 0.010 
CFP At (%) 81.6 14.2 3.1 0.17 0.038 
CFS At (%) 80.6 16.0 3.4 0.20 0.042 
Table 5-3 - Surface composition of VCF, CFP and CFS including oxygen to carbon and 
nitrogen to carbon ratios 
 
Figure 5-11 - XPS survey spectra of VCF, CFP and CFS 
The oxygen to carbon ratio (O/C) was affected by sizing removal, both the CFP and 
CFS fibre showed lower values (ratios of 0.17 and 0.20 respectively) compared to the 
VCF fibre which had a ratio of 0.3. The decrease in O/C ratio and absolute values were 
found to be in agreement with data for virgin and desized CF literature for T700 fibres 
[71], [221], although the VCF seemed to be at the upper end of values reported [65], 
[207], [268]. The epoxy sizing is known to have a high oxygen radical content [83], 
and removal of the sizing therefore led to a decrease in O/C ratio and as consequence 
the surface activity [269]. The relative increase in nitrogen content for the CFP and CFS 
fibres was due to either incomplete carbonisation of the polyacrylonitrile precursor or 
surface treatments applied at the end of the fibre manufacturing process [270]. In either 
case, the increased presence of nitrogen indicated that the sizing layer had been 
removed to within at least 10nm, the penetration depth of the XPS analysis.  
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Figure 5-12 shows C 1s spectra recorded by XPS. The percentage of each functional 
group is presented in Table 5-4 and were estimated using curve fitting based on well-
known binding energies of these groups [271]. The VCF fibre showed the highest 
presence of carbon-hydroxyl (C-OH) functionalities (group 2), which was likely due to 
the layer of sizing coating the fibre. Removal of sizing has been shown to decrease the 
presence of this group, whilst simultaneously increasing carboxyl functionalities (group 
4) [83]. This was demonstrated from data recorded for the CFP and CFS fibres which 
showed a 72 and 87% decrease in groups 2 functionalities and a 179 and 243% increase 
in group 4 respectively. Smaller increases in carbonyl (group 3) of 32 and 42% were 
seen for CFP and CFS fibres respectively. These groups have been reported to be higher 
for fibres that have received oxidation treatments [133], which may explain the slight 
increase seen for the CFP samples. 
 
Fibre 
  C 1s Photopeak 
  Ref 1 2 3 4 5 
VCF 
B.E (eV) 284.5 285.0 286.3 288.1 288.9 289.9 
% 49.0 5.4 39.0 5.0 1.4 0.2 
CFS 
B.E (eV) 284.5 285.0 286.3 287.8 289.1 290.0 
% 49.4 27.2 10.7 7.1 3.9 1.7 
CFP 
B.E (eV) 284.5 285.0 286.3 287.8 289.2 290.5 
% 51.2 30.1 5.0 6.6 4.8 2.4 
Peak Assignment Reference C-C C-OH C=O COOH O=C-O 
   C-H    π - π* 
Table 5-4 - Percentage contribution and binding energies of C 1s photopeaks for VCF, CFP and 
CFS
5.3.4 Effect of Surface Composition on Fibre/Matrix Adhesion 
A number of authors have studied the effect of changes in functional groups on the 
adhesion between fibre and matrix. It is generally believed that increased presence of 
oxygen functional groups such as C-OH, C=O and COOH lead to better adhesion 
properties as they bond to polar matrices forming ether and hydrogen bonds [67], [86]. 
For non-polar matrices, increasing oxygen functional groups can lead to higher surface 
energy and therefore better wetting [272], which leads to improvements in 
impregnation and therefore interfacial bond strength [273]. As the presence of these 
functional groups can be summarised by investigating the O/C ratio, it is logical to 
assume that a higher O/C ratio would lead to an increase in interfacial shear strength.  
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Figure 5-12 - C 1s scan for VCF (top), CFP (middle) and CFS (bottom) with peak fitting for 
each group (grey line represents overall CPS for C 1s photopeak) 
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There has however been very little agreement between this theory and experimental 
data. O/C ratios have been investigated between carbon fibre and a range of polar and 
non-polar thermoplastics, as well as thermosetting polymers [76], [207], [274], [275], 
with relatively little correlation found between the ratio and IFSS. Ramanathan et al. 
[276] suggested that the IFSS may be more dependent on the acidity or basicity of the 
functional group, with basic groups providing better adhesion for both CF/Epoxy and 
CF/PPS. Basic oxide groups are however difficult to introduce onto the fibre surface, 
as they are formed after cooling from heat treatments of 950oC under vacuum in an 
inert atmosphere [277], so are not likely to be responsible for changes in IFSS reported 
here. 
 
Figure 5-13 shows the O/C ratio plotted with the interfacial shear strength for the VCF, 
CFP and CFS fibres with the modified polypropylene matrix. The unmodified and 
modified polypropylene with the three fibre types showed the same trend with 
increasing IFSS from VCF to CFP to CFS, however no agreement was found between 
the O/C ratio and IFSS for this data. Groups 3 (C=O) and 4 (COOH) are plotted against 
IFSS for the three fibre types in Figure 5-14, with group 4 showing good agreement 
with the IFSS data. The carboxylic acid group is known to form chemical bonds with 
high temperature thermoplastics and similar bonding was expected here through the 
hydroxyl moiety (-OH) of COOH to anhydride functionalities in the modified polymer.  
 
 
Figure 5-13 - Interfacial shear strength of carbon fibres/modified polypropylene and oxygen to 
carbon ratio measured using XPS 
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Figure 5-15 shows group 2 (C-OH) plotted against the three fibre types, showing an 
inverse trend to the IFSS. This indicates that carbon-hydroxyl functionalities were 
primarily responsible for chemical bonding at the interface for the VCF fibres. The 
trend seen between hydroxyl containing groups and the IFSS was due to the 
esterification of the anhydride functionality and hydroxyl moieties for both C-OH and 
COOH on the fibre surface [278]. This mechanism is known to enhance the transference 
of stress at the interface and improve mechanical properties [279]. These reactions 
significantly improved the IFSS values for all fibre types investigated in this study, 
however compared to the VCF, the percentage of hydroxyl groups for the desized fibres 
were lower and therefore cannot fully explain the difference in IFSS values. 
 
 
Figure 5-14 - Interfacial shear strength of carbon fibres/modified polypropylene and 
percentage of functional groups 3 (C=O) and 4 (COOH) 
The concentration of nitrogen has been reported to correlate with interfacial bonding 
strength, where nitrogen-containing groups such as CONH and NO2 are known to be 
fundamental to adhesion performance in thermoplastic compatible sizings [280]. 
Analysis of the literature has shown correlation between interface strength and 
increasing nitrogen content [65], [207], [275], [281], where higher concentrations led 
to increased IFSS values. Both the CFP and CFS samples showed increased levels of 
nitrogen concentration to the VCF. The nitrogen percentage is plotted against IFSS data 
in Figure 5-16. The IFSS data was found to correlate well with the nitrogen content, 
indicating that increased levels of nitrogen functionality were also responsible for 
increases in interface strength.  
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According to the literature nitrogen containing groups such as C=N, C-NH2 and O-
C=NH can be detected from the C1s spectra at binding energies of 286.2, 286.4, and 
288.5eV [150], [226], [282], [283], corresponding to groups 2 and 4 in this study 
respectively. Nitrogen is known to facilitate ring opening and forming of amic acid with 
carbonyl anhydrides present in maleic anhydride [284]. Increases in interface strength 
seen for the desized fibres can therefore be attributed to further chemical bonding as a 
result of reactions between the coupling agent and nitrogen functionalities.   
 
 
Figure 5-15 - Interfacial shear strength of carbon fibres/modified polypropylene and percentage 
of functional group 2 (C-OH) 
 
Figure 5-16 - IFSS of VCF, CFP and CFS fibres with modified polypropylene plotted as a 
function of nitrogen content 
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5.3.5 Conclusions 
Data obtained from AFM showed that the surface of the VCF was very heterogeneous. 
Scans with large features were subsequently excluded from analysis which brought the 
surface roughness in line with other values reported in the literature. The CFS fibres 
uncharacteristically showed striations along the surface, which increased the surface 
roughness and therefore explained the increase in IFSS compared to the VCF and CFP 
samples. The IFSS showed an increasing trend with surface roughness, however it was 
found to be non-linear and therefore was unlikely to be the primary cause for increases 
in IFSS seen. It was concluded that the presence of the soft sizing layer also affected 
the IFSS as it prevented direct interaction between the fibre and matrix, as well as 
reducing radial compressive stresses formed during cooling. For the higher interface 
strength systems the effect of surface roughness was insignificant compared to the 
effect of chemical bonding, therefore surface functionality was analysed using XPS. 
 
The surface of the VCF is primarily composed of carbon and oxygen with of both the 
desized fibres showing increased levels of nitrogen due to exposure of the fibre surface. 
The presence of nitrogen accompanied by large decreases in carbon-hydroxyl groups 
(C-OH) and simultaneous increases in carboxylic groups (COOH) suggested that the 
sizing was successfully removed for the desized fibres. The percentage of COOH and 
C-OH groups correlated with changes in IFSS, showing that reactions between 
hydroxyl moieties and the anhydride functionality in the modified polypropylene had a 
significant influence on the interface strength. No correlation was found between O/C 
ratio and interface strength, however increased levels of nitrogen observed on the 
desized fibres proved to positively influence the interface strength. Increases in IFSS 
seen for CFP and CFS over the VCF fibres may therefore be due to nitrogen-containing 
functionalities which have been shown to react with anhydride carbonyl groups in 
maleic anhydride. The interfacial properties were significantly affected by the surface 
characteristics of the fibre as well as modification to the matrix. Large increases in IFSS 
were observed through the introduction of a maleic anhydride coupling agent, with 
recorded values close to the shear strength of the polypropylene – the theoretical limit 
for interface strength, however a number of authors in the literature have reported 
interface strengths higher than the polymer shear and tensile strength. 
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6. Macroscale Performance of Carbon 
Fibre/Polypropylene Composites 
6.1 Introduction 
In the previous sections, focus has been on microscale characterisation of the interface 
between carbon fibre and polypropylene. This section investigates macroscale 
mechanical performance as well as how changes made at the microscale affect the 
macroscale properties and dictate failure mechanisms observed in service. While 
microscale testing focussed on analysis of single fibres, composites produced in this 
section for mechanical characterisation consisted of long, discontinuous fibre tows. 
This allowed investigation of a large range of volume fractions which have not been 
achieved previously for this material. The introduction of maleic anhydride had the 
most significant effect on the microscale interface, suggesting good improvements 
could be achieved at the macroscale. Although the desized fibres offered the highest 
interface strength, composites with these fibres could not be produced here using the 
powder impregnation method (see Section 3.3.2.1). Virgin sized fibre composites, with 
and without maleic anhydride were therefore manufactured to investigate the 
mechanical performance and failure characteristics. 
 
6.2 The Effect of Maleic Anhydride on the Macroscale 
Mechanical Performance 
To investigate the effect of the maleic anhydride coupling agent on the mechanical 
performance of carbon fibre/polypropylene composites, tensile, flexural and Charpy 
impact tests were performed and comparisons were made to a carbon fibre/epoxy 
benchmark. Table 6-1 summarises the data obtained from mechanical testing for 
composites moulded at 0.45Vf. 
Property 
CF.PP CF.mPP CF.EP 
X̅ s X̅ s X̅ s 
Tensile Modulus (GPa) 21.63 3.76 28.77 5.7 32.8 3.95 
Tensile Strength (MPa) 60.13 10.13 100.82 19.51 220.57 29.7 
Flexural Modulus (GPa) 13.72 1.89 18.35 3.06 19.56 1.7 
Flexural Strength (MPa) 105.18 6.19 179.15 15.99 320.15 12.1 
Charpy Impact (kJ/m2) 56.37 10.96 81.93 12.5 66.1 6.07 
Void Content (%) 3.47 2.12 3.34 1.29 0.36 0.12 
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Table 6-1 - Mechanical property data recorded for carbon fibre/polypropylene samples with 
and without a coupling agent, compared to a carbon fibre/epoxy benchmark all at 0.45Vf.  
 
6.2.1 Mechanical Testing Results 
Due to the discontinuous nature of these composites, a number of fibres lie at angles to 
the loading direction where the maximum strength is determined by the interfacial 
adhesion [133]. Increases in strength were therefore expected for the improved interface 
composites as efficiency of stress transfer was dictated by quality of the interfacial 
bond. The addition of maleic anhydride increased tensile and flexural strength by 68% 
and 70% respectively, however significant differences in strength were observed when 
compared to CF.EP. The benchmark composite had 118% and 78% higher tensile and 
flexural strengths respectively than the CF.mPP. The carbon fibre/polypropylene 
samples both displayed relatively high void content compared to the CF.EP, which is 
known to reduce strength properties at high fibre loadings for long fibre thermoplastics 
[285]. Moreover, the interfacial shear strength was 45% higher for CF.EP and the 
unfilled tensile strength of epoxy was double that of polypropylene, so differences in 
strength were anticipated. 
 
The tensile and flexural moduli were improved with the addition of maleic anhydride 
by 33% and 34% respectively. This was unexpected as the modulus is determined at 
low loads in the initial phase of the tensile or flexural test. The modulus is 
predominantly governed by the elastic properties of the fibre and matrix and therefore 
should not be significantly affected by interfacial adhesion [286]. This assumes that the 
matrix wets the fibres perfectly, which in practice is not true, however an improvement 
in modulus suggested that wetting angles between the fibre and matrix were reduced 
by the addition of maleic anhydride. Changes in modulus with the addition of a coupling 
agent are not typically seen for unidirectional composites [287], however it has been 
reported for DFCs [22], [79], which further compounds the importance of the interface 
on the mechanical properties of discontinuous fibre architectures. The tensile and 
flexural moduli of CF.EP were similar to that recorded for CF.mPP, displaying a 14% 
and 6.5% increase for the two properties respectively. The differences in moduli were 
primarily due to void content in the CF.mPP composites, which has been shown to 
account for approximately a 4% reduction in longitudinal tensile modulus (E11) for 
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continuous carbon fibre/epoxy composites [288], [289]. The sensitivity of DFC 
stiffness on interfacial strength, which was observed for samples with and without 
maleic anhydride, indicated that the increased IFSS reported for CF.EP also contributed 
to the increased moduli witnessed here. 
 
The Charpy impact strength was also improved through the addition of maleic 
anhydride, shown by a 45% increase from 56.4 ± 11kJ/m2 to 81.9 ± 12.5kJ/m2. A 
number of studies have suggested that a stronger interface leads to a lower impact 
strength, as there is larger energy dissipation through fibre pull-out, a common failure 
mode for weak interfaces [81], [264]. This has been demonstrated for continuous fibre 
composites, however it did not appear to be the case here, with similar increases 
reported for glass fibre/polypropylene DFCs with optimised sizing [41]. Surprisingly, 
the CF.EP benchmark had a higher impact strength than the CF.PP, with the CF.mPP 
only showing a 24% improvement over the CF.EP benchmark, highlighting that the 
standard geometry for Chapry testing may not be large enough to determine the impact 
strengths of composites with these mesoscale architectures. Nevertheless, significant 
improvements in all properties were demonstrated by the addition of 2wt.% maleic 
anhydride, most notably the tensile modulus, which was only 12% lower than a 
comparable CF.EP composite.
 
6.2.2 Failure Mechanisms 
The failure mechanisms of the CF.mPP samples were determined by visual inspection 
as well as SEM of the failed samples, and have been compared to the CF.PP and the 
CF.EP benchmark samples. Figure 6-1 shows the tensile fracture sites of CF.PP, 
CF.mPP and CF.EP respectively, all moulded at 0.45Vf. There was a significant 
difference between the CF.PP and the CF.mPP fracture sites when compared to the 
CF.EP. The CF.EP sample demonstrated brittle failure characteristics typical of 
materials with high interfacial shear strength, with almost all of the fibres still coated 
in epoxy resin. The planes of failure at the end of each tow were apparent from the 
visual inspection, whereas on the CF.PP and CF.mPP samples, there were few defined 
edges and the fibres had significantly less polymer surrounding them. Additionally for 
the CF.PP and CF.mPP samples there was evidence of fibres pulling away from the 
matrix, which appeared to be more prominent on the CF.PP samples. This was 
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particularly clear for fibres out-of-plane to the loading direction, demonstrating more 
ductile failure mechanisms for the CF.PP and CF.mPP samples.  
 
 
 
 
Figure 6-1 – Tensile fracture sites of CF.PP (top), CF.mPP (middle) and CF.EP (bottom) all 
moulded at 0.45Vf 
Cracks that propagate through composites follow the least resistant paths, and in 
discontinuous fibre composites are impeded by discontinuities, such as fibre cross-
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overs [290]. Depending on the strength of the interfacial bond between fibre and matrix, 
cracks will either propagate through the matrix or along the interface [264]. When the 
interface is weak, these interfacial cracks spread the length of the fibre and lead to fibre 
pull-out [291]. This was demonstrated by the CF.PP samples as the tows separated 
during fracture and the ends were flexible and free of matrix. Whereas the exposed tows 
from the CF.mPP samples were noticeably stiffer and maintained higher tow integrity, 
with relatively few fibres pulled away from the tows. The CF.EP fracture site was 
significantly different to that of the CF.PP and CF.mPP composites, with no flexibility 
in the exposed tows, confirming excellent adhesion between fibre and matrix. 
 
Figure 6-2 shows SEM micrographs of tensile fracture sites for CF.PP, CF.mPP and 
CF.EP. In contrast to the macro images, CF.mPP and CF.EP appeared to have relatively 
similar fracture sites, with large amounts of matrix material present on and around the 
fibres. For the CF.mPP sample, there was less polymer attached to the exposed fibres 
than the CF.EP samples, but considerably more than was present on the fibres in the 
CF.PP sample. SEM confirmed interfacial failure for the CF.PP samples, as the fibres 
were free of matrix material, with a number of fibres pulled away from the tow, again 
indicating low interfacial shear strength. The addition of maleic anhydride clearly 
improved the interfacial adhesion between fibre and matrix with the CF.mPP samples 
showing large lumps of polymer still attached to the surface after testing. This 
demonstrated that the interface strength was large enough to promote cohesive failure 
in the matrix, resulting in higher strength and impact properties. 
 
Figure 6-3 shows the difference in matrix failure between CF.mPP and CF.EP 
respectively. CF.EP failed in a very brittle manner, with shards of epoxy shown around 
the site of fracture. The interface strength was high and the matrix was brittle, therefore 
cracks have propagated through some of the fibre bundles leading to fibre failure. The 
CF.mPP sample showed higher ductility with plastic deformation clearly visible, 
indicating that the work of fracture was higher [292]. 
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Figure 6-2 – SEM micrographs of tensile fracture sites for CF.PP (top), CF.mPP (middle) and 
CF.EP (bottom) 
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Figure 6-3 – SEM micrographs of a sample CF.mPP fracture site (top) showing matrix ductility 
and a sample CF.EP fracture site (bottom) where the matrix displays brittle characteristics 
6.2.3 Conclusions 
The effect of the addition of maleic anhydride was investigated as microscale testing 
had showed that the addition of the coupling agent significantly improved the interfacial 
shear strength. The coupling agent improved all properties that were tested, with the 
most marked increases seen in tensile and flexural strength. Analysis of the failure sites 
showed that the CF.PP had almost no matrix left on the fibre, indicating a weak 
interface and therefore interfacial failure. The CF.mPP samples showed some matrix 
left on the fibre which is characteristic of a stronger interfacial bond and therefore a 
mix of matrix and interfacial failure, explaining the increase in strength observed. 
Compared to the CF.EP benchmark, the strengths of CF.mPP were significantly lower, 
which was attributed to increased void content due to non-optimised processing, as well 
as lower interfacial and mechanical properties of PP compared to epoxy. The tensile 
and flexural moduli were also improved with the addition of maleic anhydride, where 
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CF.mPP composites showed comparable moduli to CF.EP composites, which is 
promising for this material considering the high volume fraction. Charpy impact 
strength was observed to increase with the addition of maleic anhydride, however only 
relatively small increases (24%) were seen over the benchmark composites, which was 
partially attributed to higher void content as well as effects caused by small 
sample/reinforcement size ratios that were required for this test method.  
 
The failure mechanisms for CF.PP and CF.mPP were very different from CF.EP 
demonstrated by fracture site morphology. The CF.EP samples showed brittle fracture 
sites and large amounts of polymer still surrounding the fibre, indicative of high 
interfacial shear strength. The CF.mPP showed similar characteristics to the CF.EP 
sample under SEM, with matrix present on the surface of the fibre, demonstrating that 
the interface was strong enough to cause cohesive matrix failure. However at the 
macroscale, CF.mPP and more noticeably CF.PP, displayed ductile failure 
characteristics due to the high strain-to-failure of the polypropylene matrix. The 
CF.mPP samples showed comparable stiffness to the CF.EP samples and have the 
advantage of showing progressive failure over the catastrophic failure seen for CF.EP.
 
6.3 The Effect of Volume Fraction on the Mechanical 
Performance 
The effect of volume fraction on mechanical performance was investigated to determine 
an optimum level of fibre content, based on lower-than-expected strengths recorded at 
0.45Vf. Tensile, flexural and Charpy impact testing were performed to characterise the 
mechanical properties, with density measurements taken for each sample to calculate 
the local fibre volume fraction and therefore normalise the test data to the nominal 
volume fraction. Density measurement data and corresponding property normalisation 
is given in Appendix D. It was identified from the literature that mesoscale architectures 
are prone to large variability in recorded data, and anisotropy was characterised by 
testing samples in both X and Y directions from the moulded plaques. An equal number 
of samples were tested for each direction and data presented in this section is an average 
of these values. The maximum percentage difference between data obtained from X 
and Y samples was found to be 30%, however the majority was 16% and below. The 
anisotropy data is given in Appendix D.  
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Examples of stress-strain curves for carbon fibre/polypropylene and carbon fibre/epoxy 
are given in Figure 6-4. It should be noted that the strain data was calculated from the 
crosshead displacement, as the extensometer (used to calculate modulus) was only able 
to measure strains up to 0.5% before it had to be removed to prevent damage. The 
calculated strain data is therefore likely to be larger due to the compliance of the 
crosshead and deformation occurring outside the gripping area [293]. Nonetheless it 
gives data accurate enough to observe trends between different data sets. The stress-
strain relationships confirmed that the failure of the CF.mPP samples was much more 
progressive than the CF.EP samples.  
 
Progressive failure was more noticeable in lower volume fraction samples, where 
matrix ductility was not significantly restricted by the reinforcing fibres. This was 
displayed by a reduction in strain-to-failure with increased fibre loading, where the 
CF45.mPP samples only showed approximately 20% higher failure strains than the 
CF.EP samples (70% lower than the virgin polypropylene). Toughness is governed by 
complex interactions between material architecture and properties for DFCs and 
therefore reductions in strain-to-failure do not necessarily lead to reduced energy 
absorption. The benefit of the thermoplastic matrix is that it allows progressive failure 
mechanisms, demonstrated here for all the CF.mPP samples, which is often preferred 
from a structural design standpoint. 
 
 
Figure 6-4 - Examples of stress-strain data recorded from tensile testing for the materials tested 
in this study showing the effect of variation in volume fraction. 
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6.3.1 Microstructural Variation 
The microstructure of the composites was investigated using optical microscopy and 
void content was measured using image analysis software ImageJ. Figure 6-5 shows 
the void content as a function of volume fraction. It was expected that the void content 
might be high due to the high viscosity of the thermoplastic matrix, however the coated 
fibres appeared to reduce the melt flow distance sufficiently to provide adequate wet 
out. The 0.35 and 0.45Vf composites displayed the highest levels of void content of 3.1 
± 0.9 and 3.3 ± 1.3 respectively.  
 
Final void content in composites manufactured by non-isothermal compression 
moulding (NI-CM) have been shown to be dependent on the time at pressure before 
demoulding [294], where it has been suggested that final void elimination is due to 
diffusion of the voids in the matrix [206]. The void content increased with volume 
fraction here, indicating that diffusion processes were longer due to the reduced content 
of matrix. The void content of the epoxy benchmark was 0.37% ± 0.1 at 0.45Vf, 44% 
lower than the CF15.mPP, which had the lowest void content of the carbon 
fibre/polypropylene samples. The low void content was due to the significantly lower 
viscosity of the epoxy, allowing it to penetrate into small intra-bundle pores more 
easily. It was unlikely that voids present in the carbon fibre/polypropylene 
microstructure could be reduced to this level, however optimisation of the tow coating 
process and increased time at pressure before demoulding could reduce the porosity of 
the higher Vf composites to around 1% [294], which is generally regarded as an 
acceptable level of void content [295], [296]. Optimisation of the tow coating process 
and composite forming were outside the scope of this project, however 
recommendations for further work in these areas based on the findings here have been 
given in Section 7.1. 
 
Figure 6-6 shows the internal microstructure of carbon fibre/polypropylene composites 
ranging from 0.15 – 0.45Vf. On inspection of figures for CF15.mPP and CF25.mPP, the 
fibre tows were surrounded by large areas of polymer, and were not homogenously 
distributed within the matrix. These large groups of agglomerated bundled fibres 
generated high stress concentrations due to fibre end synchronisation, creating failure 
initiation points within the composite [297]. This has been demonstrated in high volume 
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fraction carbon fibre/epoxy composites [298], however it was unclear how the 
increased levels of ductile matrix surrounding the fibre would affect the redistribution 
of stresses at the bundle ends here. 
 
 
Figure 6-5 - Void content for CF.mPP samples as a function of fibre volume fraction (error bars 
are standard deviation) 
The CF35.mPP and CF45.mPP had similar microstructures as observed by optical 
microscopy, where voids were confined to the edges of fibre bundles, near pockets of 
polymer. Voids were not widely observed in areas of high fibre concentration due to 
local variations in pressure within the mould. High volume fraction regions experienced 
the highest pressures, which subsequently reduced pressure witnessed in regions of low 
volume fraction. This was confirmed on inspection of the moulded panels, where slight 
increases in thickness were accompanied by exposed fibre on the surface of the panels, 
shown in Figure 6-7.  
 
The largest areas of void content in the high Vf samples were at the mid-plane, which 
has been observed for NI-CM composites that have had insufficient pre-heating times 
[198]. There was however a large amount of material flow for these samples, which 
indicated that the preforms were sufficiently heated, and large longitudinal matrix flow 
at the mid-plane would be responsible for the elimination of most porosity [201]. 
Remaining voids would therefore be trapped in areas of fibre near the flow front due to 
reduction in volume and increased pressure of the matrix [294], as witnessed here. 
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Figure 6-6 – Optical microscopy images of CF.mPP composites moulded at a) 0.15Vf 
(CF15.mPP), b) 0.25Vf (CF25.mPP), c) 0.35Vf (CF35.mPP) and d) 0.45Vf (CF45.mPP) 
a 
b 
c 
d 
Microstructural Variation 
116 
 
Figure 6-7 – Exposed fibres on the surface of a moulded panel due to local variations in volume 
fraction
6.3.2 Tensile and Flexural Modulus 
The results for the tensile and flexural moduli of carbon fibre/polypropylene as a 
function of volume fraction are presented in Figure 6-8. It is clear that for both moduli, 
increasing volume fraction led to an almost linear increase in modulus. The tensile 
modulus showed a slight deviation away from the trend between 0.35 and 0.45Vf, 
accompanied by higher scatter in the data due to higher void content.  
 
 
Figure 6-8 - Tensile and flexural modulus as a function of fibre volume fraction for CF.mPP 
The recorded tensile moduli were compared to the Cox-Krenchel analytical model (see 
Figure 6-9). Assuming transverse deformations are insignificant, the fibre orientation 
0
5
10
15
20
25
30
35
0 0.1 0.2 0.3 0.4 0.5
M
o
d
u
lu
s 
(G
P
a)
Fibre Volume Fraction
Tensile Modulus
Flexural Modulus
Exposed fibres 
Chapter 6 – Macroscale Performance of  
Carbon Fibre/Polypropylene Composites 
 
117 
factor for in-plane randomly oriented discontinuous fibres is η0 = 0.375 [9]. The fibre 
length efficiency factor was equal to 1 as all the fibres here were above the critical 
length, which in this case was 0.34mm (calculated from lc = (σf.df)/τapp). From Figure 
6-9 it is clear that the experimental values fall short of the analytical predictions.  
 
To quantify the discrepancy between the analytical model and experimental results, a 
bundling efficiency factor (ηb) was incorporated into the Cox-Krenchel model (η0 = 
0.375 and ηl = 1). The bundling efficiency factor was calculated as 0.56, 0.59, 0.55 and 
0.71 for volume fractions 0.15 to 0.45 respectively. Apart from the deviation at 0.35 
volume fraction, the bundling efficiency factor increases with volume fraction. This 
corroborates the findings in Figure 6-6 where, due to the nature of the bundles, fibres 
are not distributed evenly within the composite. At low volume fractions, these areas 
of high fibre content become failure initiation sites due to high stress concentrations 
forming at the ends of the bundles. In single fibre architecture composites, these stresses 
are more evenly distributed within the composite, which explains why these 
architectures are better predicted by the simplistic analytical models. Similarly, as the 
volume fraction increases, the bundle efficiency increases due to a more homogeneous 
distribution of bundle ends, and therefore stress concentrations, within the composite. 
 
The Cox-Krenchel model was also used to predict the modulus for the CF.EP composite 
moulded at 0.45Vf. As the material parameters were effectively the same, a theoretical 
value of 40.5GPa was calculated, 24% higher than the recorded data. The disparity 
between the analytical model and experimental results for both CF.mPP and CF.EP 
highlighted that this relatively simple analytical model was unable to predict basic 
mechanical properties for these architectures. Despite the fact that the Cox-Krenchel 
model is based on volume-averaged fibre and matrix moduli, which are then degraded 
based on statistical approximations of the effect of fibre orientation and length, it 
provides good approximations of modulus for homogeneous microscale architectures 
[299]. Additionally, the Cox-Krenchel predictions were found to be within 7% of 
predictions using the slightly more rigorous models developed by Halpin and Tsai 
[300].  
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Figure 6-9 - Analytical predictions for modulus plotted against experimental data as a function 
of fibre volume fraction using the Cox-Krenchel model, where ηo and ηl are the fibre orientation 
and length efficiency factors respectively, Ef is the fibre modulus, vf is the fibre volume fraction 
and Em is the matrix modulus. (error bars represent standard deviation) 
As deviations from the predicted modulus were observed over the whole range of 
volume fractions tested, stiffness degradation due to void content, fibre breakage and 
heterogeneous distribution of fibre could be ruled out. The reduction in stiffness 
compared to analytical predictions was therefore due to less efficient intra-bundle stress 
transfer combined with incomplete encapsulation of the fibres, due to the tightly packed 
nature of the fibre tows [64]. Moreover, these models assume perfect interfacial 
bonding, which has been shown in the previous sections to have a significant impact on 
modulus for DFCs. Single fibre architecture composites are therefore better predicted 
due higher permeability and consequently better fibre wet-out, even with high viscosity 
thermoplastics such as polypropylene.  
 
6.3.3 Tensile and Flexural Strength 
The results for the flexural and tensile strength of carbon fibre/polypropylene, as a 
function of volume fraction, are presented in Figure 6-10. Both tensile and flexural 
strength increased with increasing volume fraction, but in a non-linear manner in 
contrast to the moduli values. At approximately 0.25Vf, both tensile and flexural 
strength properties appeared to plateau, with tensile strength only increasing by 3% 
between 0.25 and 0.35Vf and decreasing by 1% from 0.35 – 0.45Vf. The flexural 
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strength showed a similar trend between 0.25 and 0.35Vf, with only a 0.3% increase, 
however between 0.35 and 0.45Vf there was a more significant increase of 19%.  
 
 
Figure 6-10 - Tensile and flexural strength as a function of fibre volume fraction for CF.mPP 
The plateau in strength was due to defects caused by packing limitations [301], where 
void content was shown to increase. As volume fraction increases the inter-fibre 
spacing and stress transfer efficiency are reduced, resulting in increased risk of fibre 
breakage due to high local shear stresses induced during processing [23]. This effect 
has been observed in glass fibre/polypropylene LFTs above volume fractions of 0.1 
[285], but was not displayed for carbon fibre/polypropylene LFTs, where linear 
increases in strength were reported up to 0.25Vf [38]. Due to the mesoscale architecture 
used here, improved packing compared to microscale architectures should lead to a 
saturation point at a higher volume fraction, confirming that further strength 
improvements could be made. 
 
The experimental tensile strength data was compared to the Kelly-Tyson analytical 
model, which is an extension of the rule-of-mixtures [35]. The orientation efficiency 
factor is equal to η0 = 0.375, similarly to the analytical model for modulus, and the 
critical length was calculated as before. The fitted efficiency factor, k, (see Figure 6-11) 
is controversial as it was introduced based on the overestimation of strength from the 
Kelly-Tyson model for discontinuous fibre composites [35], [302]. It is reported in the 
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literature that good correlation has been found for values of k=0.53 [299], however this 
still overestimated strength values here significantly. The analytical model was fitted 
to the tensile strength data recorded here using k=0.24 (Figure 6-11), similar to that 
found for a natural fibre/polypropylene system [302]. The figure shows that by 
modifying the fitted efficiency factor, the data is relatively well represented up to 
around 0.25Vf. The use of a fitting factor however seemed to suggest that the analytical 
model was not sufficient for predicting strengths for these architectures. A fitted 
efficiency factor was also calculated for the CF.EP benchmark strength and was found 
to be k=0.35, which further highlights the inappropriateness of using this factor to fit 
experimental data.  
 
Figure 6-11 - Comparison of tensile strength data to the Kelly-Tyson analytical model, where 
k is the fitted efficiency factor, η0 is the orientation efficiency factors, σfW is the strength of the 
fibres normalised to fibre length by a Weibull distribution function, lc is the critical fibre length, 
L is the fibre length and σm is the matrix strength 
The analytical modelling of strength using volume-averaged strengths of the constituent 
materials and statistical representations of fibre orientation and length was not 
appropriate here as a number of complex micromechanical mechanisms dictate the 
onset of failure for random DFCs. Whilst microscale architectures may be better 
predicted, failure mechanisms in heterogeneous mesoscale architectures are more 
dependent on tow geometry, where damage has been shown to initiate at the ends of 
fibre bundles aligned in the loading direction, which terminate on transverse bundles 
[303]. Failure is significantly influenced by fibre packing defects, which are significant 
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for both micro- and mesoscale architectures. This means that at higher volume fractions 
the relationship between strength and volume fraction is non-linear, showing that rule-
of-mixture predictions are not appropriate for strength in this range. 
 
6.3.4 Charpy Impact Strength 
The results from the un-notched Charpy impact testing are presented in Figure 6-12 as 
a function of fibre volume fraction. As with the modulus and strength, the Charpy 
impact strength initially increased with fibre loading. The largest increase in impact 
strength (107%) was observed between 0.15 and 0.25Vf, reaching a maximum value of 
94.7 ± 13.45kJ/m2 at 0.35Vf, and subsequently decreasing by 13% from 0.35 – 0.45Vf. 
Taking experimental variation into account, it appeared that there was relatively little 
improvement in impact strength with volume fraction above 0.25Vf. Similar findings 
have been reported for a number of systems [285], [304], [305], however little 
explanation has been given and it was assumed that void content was not entirely 
responsible [306].  
 
Figure 6-12 - Charpy impact data for carbon fibre/polypropylene as a function of volume 
fraction 
It is proposed that the plateau seen for the impact strength was due to the following; 
firstly, impact strength in DFCs is largely matrix-dominated [182], where ductile 
matrices have been shown to dissipate energy through the blunting of sharp crack tips 
[292]. Despite fibre breakage and pull-out accounting for a large proportion of the 
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fracture energy, there must be sufficient matrix to transfer stresses efficiently. It is 
known that fibre fracture leads to stress intensification [245] and for high interface 
strength systems, cracks therefore propagate through the matrix, as opposed to along 
the interface [291]. This is exacerbated at higher volume fractions as the inter-fibre 
spacing is reduced and may lead to brittle failure characteristics. Additionally for the 
systems tested here lower fracture energies at higher volume fractions may have been 
observed due to the increased likelihood of fibres spanning the width of the sample, 
which would lead to premature failure, as stress redistribution would not have been 
possible. 
 
Novak and DeCrescente [43] and Beaumont and Wells [307] have analytically 
described energies required for pull-out (Equation 6-1) and fibre fracture (Equation 6-2) 
in unidirectional composites respectively. Dividing the two equations gives the ratio of 
energy of pull-out to fibre fracture, which for the materials tested here gave Up/Uff = 
0.175, demonstrating that the main mechanism of energy absorption was through fibre 
fracture. The ratio is very sensitive to changes in interface strength, for example, 
CF45.PP had a Up/Uff ratio of 0.65, much larger than that of CF.mPP, indicating that 
lower interface strengths lead to higher energy absorption. This however was not 
observed here, as the CF45.mPP had an increased impact strength of 45% over the 
CF45.PP samples. Moreover, it has been postulated that increases in impact strength 
due to increased IFSS, must be accompanied by increases in fibre strength [41]. Again 
this was found to be invalid as the interfacial strength was increased by matrix 
modification only, with identical fibres. 
 
𝑈𝑝𝑜 =  
𝑣𝑓𝑑𝑓𝜎𝑓
2
24𝜏
 
Equation 6-1 - Energy required for fibre pull-out, where vf is volume fraction, df is the fibre 
diameter, σf is the fibre tensile strength and τ is the lesser of matrix or interface shear strength 
 
𝑈𝑓𝑓 =  
𝑣𝑓𝐿𝜎𝑓
2
6𝐸𝑓
 
Equation 6-2 - Energy required for fibre fracture, where L is the gauge length of the test 
specimen and Ef is the fibre modulus 
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6.3.5 Conclusions 
The effect of increasing fibre volume fraction on the mechanical properties showed 
improvement for all of the properties tested. Tensile and flexural moduli displayed 
relatively linear correlation, with tensile, flexural and impact strength showing linear 
increases up to approximately 0.25Vf, where the properties appeared to plateau. Void 
content also increased with volume fraction, with voids found in the mid-plane of the 
composites, close to the interface between fibre and matrix. This suggested that further 
reductions in void content, and therefore increases in strength, may be possible by 
optimisation of tow coating and moulding processes. 
 
The plateau in strength was partly attributed to the increased void content at higher 
volume fractions, but also to inefficient stress transfer between fibre and matrix due to 
small inter-fibre spacing. The plateau in impact strength was postulated to be due to 
polymer constraint caused by the densely packed fibres, leading to brittle failure 
characteristics and therefore lower energy absorption.  
 
Analytical models were unable to predict the behaviour of the carbon 
fibre/polypropylene composites due to the heterogeneous architecture, which highlights 
that further development of models will be required to characterise these materials. This 
is pertinent as there is an increasing trend in the use of long fibre reinforced 
thermoplastics, with many processes now looking to incorporate fibre tows to further 
improve performance. 
 
6.4 Comparison of Carbon Fibre/Polypropylene to 
Commercial Automotive Benchmarks 
In this section the mechanical properties of CF.mPP have been compared to long 
discontinuous glass fibre/polypropylene (GF.PP), carbon fibre/epoxy (CF.EP), carbon 
fibre/PEEK (CF.PEEK), HexMC (commercial CF.EP advanced SMC), Aluminium 
7075-T6 (AA7075) and high strength, low alloy steel 420 (HSLA420). AA7075, 
HSLA420 and HexMC were chosen as they represent typical materials used in the 
automotive industry, with CF.PEEK chosen to represent the highest thermoplastic 
composite performance currently available. It was expected that the HexMC material 
and experimentally tested CF.EP would perform similarly, and would therefore verify 
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the composite production process due to the similar architectures. The comparison 
between all the materials is presented in Figure 6-13, with composite properties 
normalised to 0.45Vf. CF.EP and CF.PEEK mechanical properties were determined 
experimentally in this study, further details of the manufacture of these composites was 
given in Section 3.1. Mechanical properties of GF.PP, HexMC, AA7075 and HSLA420 
were taken from manufacturer’s data sheets to compare with the experimental findings 
here.  
 
Figure 6-13 - Comparison of tensile properties of CF.mPP and various benchmark materials, 
composite properties for GF.PP, CF.PEEK and HexMC have been normalised to 0.45Vf for 
comparison purposes 
The CF.mPP performed well compared to the other composite materials in terms of 
stiffness and was only 12% lower than an equivalent CF.EP composite, which had the 
highest stiffness of the composite benchmark materials. The tensile strength however 
was much lower than the other composites, 57% lower than HexMC which had the 
highest value. Even compared to GF.PP, which had the second lowest strength, CF.mPP 
was 38% lower, indicating that stress transfer between fibre and matrix was not taking 
place efficiently, despite the high interface strengths recorded from the microscale tests. 
Specific properties (σ(1/2)/ρ and E(1/3)/ρ – optimised indices for bending [308]) are 
presented in Figure 6-14 to reflect the property-to-weight ratio.  
 
With stiffness and strength values normalised for density, it was clear that the 
composite materials were able to compete with metals that are currently used in the 
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automotive industry. Due to the low density of the polypropylene, CF.mPP exceeded 
the specific stiffness of all the other composite materials. This is pertinent since 
automotive components are typically stiffness driven, making CF.mPP a suitable 
candidate material. In terms of strength CF.mPP compared relatively poorly to the other 
composite benchmark materials, apart from GF.PP, where it was marginally higher 
(2%). The comparable CF.EP composite had a 23% strength increase over the CF.mPP, 
however it was unclear whether this was a limitation of the polypropylene matrix, 
interfacial bonding or inefficient stress transfer arising from the high fibre volume 
fraction.  
  
Figure 6-14 - Comparison of specific tensile properties (property/density) of CF.mPP and 
various benchmark materials, composite properties for GF.PP, CF.PEEK and HexMC have 
been normalised to 0.45Vf for comparison purposes 
To investigate this further, the composite data has been normalised to the base matrix 
stiffness and strength (Figure 6-15) to show the reinforcing effect of the fibres. The 
intrinsic mechanical properties of polypropylene were significantly lower than other 
matrices typically used for composites, with a 56% and 67% lower strength and 37% 
and 45% lower stiffness than epoxy and PEEK respectively. CF.mPP had the largest 
improvement in stiffness and similar improvements in strength compared with the other 
materials. The GF.PP however showed the largest improvement for strength, perhaps 
indicating that some further improvements could be made with the CF.mPP composite 
by optimisation of the interface through fibre sizing and matrix modification.  
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A number of commercial ‘LFT’ long glass fibre/polypropylene compounds and one 
commercial long carbon fibre/polypropylene were compared to the CF.mPP strength 
and stiffness data and are presented in Figure 6-16 and Figure 6-17 respectively. 
According to the manufacturer’s data, the sizing had been fully optimised for all of the 
LFT compounds to achieve maximum mechanical performance. Interestingly, even for 
these optimised materials there appeared to be a plateau and subsequent drop-off in 
tensile strength above values of approximately 0.15 – 0.25Vf indicating that 0.25Vf was 
the limit for strength using these microscopic architectures. In terms of stiffness the GF 
LFT compounds showed linear increases with volume fraction, however the CF LFT 
compound appear to plateau at around 0.25Vf, despite showing increased performance 
over the CF.mPP. 
 
Figure 6-15 - Matrix normalised properties to show improvements made by the addition of 
fibres 
The LFT compounds were however manufactured from long fibre pellets and injection 
moulded, consisting of single fibre architectures, and therefore in the final moulding 
would have a much more homogenous distribution of fibre compared to the CF.mPP. 
Furthermore, it is common for fibres to align along the flow direction for injection 
moulded samples, so the tensile properties are likely to be higher due to the anisotropy 
of the material. To demonstrate the effect of fibre architecture, a 0.17Vf sample 
(sCF.mPP) was manufactured for this study from a carbon fibre veil, consisting of 
randomly oriented single carbon fibres in a polypropylene matrix with 2wt.% coupling 
agent, as used previously. Compared to the CF.mPP, the sCF.mPP showed a 72% 
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increase in tensile strength (105.7MPa) and a 5% increase in tensile modulus at 0.17Vf, 
demonstrating the effect of enhanced fibre encapsulation for these composites. Further 
increases in volume fraction of the sCF.mPP were not possible due to inefficient fibre 
packing as a result of the single fibre architecture. This was also the case for the LFT 
materials, although with a higher volume fraction limit of around 0.33Vf. For 
thermoplastic DFCs to compete with current semi-structural materials such as SMCs 
and metals, the fibres must be packed efficiently to allow higher fibre loadings and 
therefore higher mechanical properties to be realised. 
 
Figure 6-16 - Comparison of commercial GF.PP and CF.PP LFT compounds with CF.mPP 
tensile strength data 
 
Figure 6-17 - Comparison of commercial GF.PP and CF.PP LFT compounds with CF.mPP 
tensile stiffness data 
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Figure 6-18 and Figure 6-19 shows the performance of CF.mPP to other data for carbon 
and glass DFCs found in the literature, continuous quasi-isotropic fibre composites 
have also been added for comparison. The majority of data for DFCs lies between 0.05 
and 0.3Vf, which was primarily due to microscopic fibre architectures being most 
common for DFCs. Above 0.25Vf, the stiffness of CF.mPP was comparable to a number 
of systems tested in the literature. It is worth noting that almost all of the literature uses 
matrices that are both stronger and stiffer, as well as having better interfacial properties 
than that seen for CF.mPP. This is highlighted in Figure 6-19 for volume fractions 
above 0.25, where the specific strength of CF.mPP decreases. Deficits in strength may 
be reduced by further investigation into thermoplastic sizing in addition to optimised 
processing to reduce defects and improve the interface between carbon fibre and 
polypropylene. Between 0.35 and 0.5Vf, there was a lack of data in the literature and 
therefore a performance gap was seen between DFCs and continuous fibre composites 
over this range. By utilising fibre tows and therefore producing DFCs with volume 
fractions between 0.4 – 0.5, which are not attainable for single fibre architectures, 
properties similar to quasi-isotropic woven composites can be achieved, but with the 
ability to create much more complex parts due to the enhanced flow of DFCs.  
 
 
Figure 6-18 - CF.mPP specific stiffness data compared to literature values for carbon and glass 
DFCs (see Appendix F for table of values and references) 
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Figure 6-19 - CF.mPP specific strength data compared to literature values for carbon and glass 
DFCs (see Appendix F for table of values and references) 
6.4.1 Conclusions 
The 0.45Vf volume fraction CF.mPP composite was compared against commercial 
materials that are currently used in semi-structural and structural automotive 
applications. Compared to CF.EP, CF.PEEK and HexMC benchmarks the CF.mPP 
performed well in terms of stiffness, however the strength was lower due to porosity as 
a result of non-optimised processing, inefficient stress transfer due to small fibre-to-
fibre spacing and intrinsically lower base matrix properties. As the density of 
polypropylene was much lower than the other matrix systems used for the benchmark 
composites, the specific bending stiffness of CF.mPP outperformed all of the 
composites benchmarks. The deficit in strength was somewhat reduced, however a 
similar GF.PP material had an increased strength compared to the CF.mPP. The GF.PP 
composite was modified by the manufacturer to ensure chemical coupling between the 
fibre and matrix and therefore it seems reasonable to assume that the reduction in 
strength of the CF.mPP may be partially due to an interfacial issue.  
 
The high strength achieved by the GF.PP composites highlights that there is room for 
strength improvements for the CF.mPP composites. Optimisation of pre-heat time, tool 
temperature and time held at pressure have been shown to reduce void content to less 
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than 1% for glass fibre/polypropylene systems and can be used in the same way for 
CF.mPP to minimise the void content observed here. A plateau in strength may still be 
observed as there will be a saturation limit, where the inter-fibre spacing is reduced to 
a point where excessive fibre breakage occurs during moulding. This point is still 
significant however as it will allow optimisation of these composites, and define a range 
of mechanical properties that can be achieved. To be able to achieve higher strength 
properties it is likely that another thermoplastic matrix, with higher base mechanical 
properties, will need to be used.  
 
Carbon fibre reinforced composites are primarily used for stiffness driven, or weight 
critical applications in the automotive industry, with glass fibre preferred for strength 
due to comparable properties at reduced cost. Therefore CF.mPP has shown to be 
competitive with materials that are currently used, despite polypropylene having much 
lower material properties than other engineering polymers. This was demonstrated by 
the significant improvements to the base polypropylene properties with the addition of 
0.45Vf carbon fibre, which showed a 14-fold improvement in stiffness and 3-fold 
increase in strength. Interestingly, the only material that outperformed CF.mPP in terms 
of matrix-normalised strength was GF.PP (4-fold increase), indicating that 
improvements in strength are attainable with this material. This coupled with future 
reductions in cost of carbon fibre and the low cost of polypropylene, as well as the 
benefits of thermoplastic composites over thermosetting composites makes this 
material an interesting alternative to existing materials. 
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7. Thesis Conclusions 
The aim of this study was to investigate whether the performance of long, discontinuous 
carbon fibre/polypropylene is suitable for semi-structural and structural automotive 
components. Due to the inherent low affinity of carbon fibre and polypropylene, a 
detailed understanding of the interface between the two materials was required as 
adhesion between the fibre and matrix dictate mechanical performance and failure 
characteristics. 
 
Composite mechanical properties were compared to commercially available materials 
used for structural automotive applications and carbon fibre/polypropylene was found 
to perform exceptionally well, where the specific bending stiffness out-performed all 
of the benchmark materials. The strength of the composites was lower than expected, 
most likely due to increased void content (up to 3.3% at 0.45Vf) and issues with fibre 
packing at higher volume fractions, with similar glass fibre/polypropylene composites 
exhibiting higher strengths. Comparison of the matrix normalised properties to a similar 
glass fibre/polypropylene composite indicated that further increases in strength were 
achievable through further optimisation of the interface and processing methods to 
produce the composites. Evaluation of the mechanical properties with other composites 
reported in the literature demonstrated that carbon fibre/polypropylene is able to bridge 
the performance gap between discontinuous fibre thermoplastic composites and 
continuous fibre composites, making these materials suitable for stiffness-driven semi-
structural automotive applications.  
 
A tow coating rig was developed to produce coated tow for composite processing, 
where partially consolidated tows coated in either polypropylene or epoxy could be 
produced between fibre volume fractions of 0.15 – 0.5, much higher than has previously 
been reported for carbon fibre/polypropylene. Although the coated tow was relatively 
well consolidated, the high viscosity of the polypropylene prevented full penetration 
into the core of the bundles, in contrast to the epoxy which showed excellent wet-out. 
Commercial grades of polypropylene with different viscosities (melt flow index) are 
available, and initial trials with higher melt flow index polypropylene showed enhanced 
wet out during tow coating and would therefore improve consolidation during 
moulding. The results were not presented here as only small samples of the materials 
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were available for evaluation on the tow coating rig. This highlights the difficulty in 
obtaining suitable polymers for use on the coating rig, where the small particle sizes 
were only achievable through cryogenic milling, due to the high ductility of the 
polymer. This may negate cost benefits seen from using low cost polymers such as 
polypropylene and alternate methods may therefore be required to minimise the cost of 
the intermediate material. For the purposes of this study, the tow coating rig was 
beneficial as it allowed direct comparison between equivalent carbon fibre/epoxy and 
carbon fibre/polypropylene composites. Moreover, it allowed a range of volume 
fractions to be produced as well as the introduction of a maleic anhydride coupling 
agent, which was not possible with commercially available materials.  
 
Interfacial characterisation was performed using the microbond test, where the effect 
of fibre sizing and coupling agent addition were the primary focus. The effect of the 
epoxy-compatible sizing on carbon fibre on the interface strength with polyolefins had 
not been reported previously, as the fibre sizing is often removed for interfacial testing 
between carbon fibre and thermoplastics. However, almost all commercially available 
carbon fibre is coated in epoxy-compatible sizing, so knowledge of the adhesion 
between the materials was essential for macroscale mechanical performance 
characterisation. Initial interfacial measurements between carbon fibre and 
polypropylene showed that the adhesion was low (8MPa), confirming that there was no 
chemical bonding between the materials. The addition of maleic anhydride to 
polypropylene significantly improved the interfacial shear strength, where a 295% 
(31.6MPa) increase was observed. The high IFSS reported was lower than that recorded 
for carbon fibre/epoxy (45.9MPa), but indicated that chemical bonding was possible 
between these materials and confirmed that carbon fibre/polypropylene was suitable for 
use in high performance composites. 
 
Interfacial strength was also characterised between fibres that had the epoxy-
compatible sizing removed, where sizing removal processes imitated two recycling 
methods (pyrolysis and solvolysis) for carbon fibres from EoL parts. The pseudo-
recycled fibres showed further improvements in interfacial strength, with increases of 
349% and 353% over virgin carbon fibre/polypropylene. The adhesion observed here 
between carbon fibre and maleic anhydride modified polypropylene was over 4 times 
higher than other values reported in the literature, and was attributed to preparation of 
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microdroplets under an inert atmosphere, which has previously only been used for glass 
fibre/polypropylene. To investigate the large increases in interface strength, functional 
groups on the surface of the carbon fibre were analysed using x-ray photoelectron 
spectroscopy (XPS). It has been reported that significant increases in interface strength 
can only be made through modification of both the fibre and matrix, however excellent 
adhesion was observed between both sized and desized fibres with the modified 
polypropylene. Comparison between the functional groups and interfacial strengths 
indicated that hydroxyl moieties (-OH) in the carbon-hyrdoxyl groups and carboxylic 
acid groups were responsible for the chemical bonding with anhydride functionalities 
in the modified polypropylene for virgin fibres and pseudo-recycled fibres respectively. 
Increases in IFSS observed for the pseudo-recycled fibres over the virgin fibres were 
due to reactions between nitrogen-containing functionalities and anhydride carbonyl 
groups on the fibre surface, which indicated that further improvements in interfacial 
properties can be achieved through the use of sizings with reactive nitrogen functional 
groups.  
 
Despite the microbond test method being widely used for the measurement of interface 
strength, no standard method has been developed and large variations in data are often 
observed. During testing of the high interface strength systems used in this study, it was 
identified that a significant number of tests were resulting in fibre breakage, as opposed 
to interfacial failure. Analysis of tensile stresses developed during testing for the high 
interface strength systems showed that the fibres were subjected to 60 - 80% of their 
tensile strength, according to the manufacturer’s datasheet. Approximately 80% of the 
tests resulted in fibre failure for these systems, which prompted an investigation into 
the fibre strength. Single fibre tensile testing was performed at a gauge length of 25mm 
(similar to the length used for microbond testing) and the characteristic strength value 
was found to be 3570MPa for the virgin fibres, 27% lower than the manufacturer’s data. 
This meant that for the higher interface strength tests, the tensile strength of the fibre 
was often exceeded, explaining the significant reduction in yield seen. Analysis of the 
fibre strength allowed calculation of a theoretical range of embedded lengths and 
corresponding interface strengths that were appropriate to test for carbon 
fibre/polypropylene. To ensure reliable data reduction, a range of 150 – 200µm in 
embedded length should be characterised and therefore the maximum IFSS that could 
be tested was approximately 20 - 30MPa (for carbon fibre/polypropylene). This 
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therefore indicated that the results obtained for the higher interface strength systems 
were lower bound values, as higher interfacial strengths could not be tested due to 
excessive fibre breakage. 
 
7.1 Recommendations for Further Work 
The work of this thesis has demonstrated that carbon fibre/polypropylene composites 
can achieve equivalent stiffness properties to carbon fibre/epoxy, however strength 
properties were lower than expected. Optimisation of the non-isothermal compression 
moulding process was outside of the scope of this project, and as a consequence, 
increased void levels were observed for higher volume fraction composites. An 
efficient method for determining the effects of processing parameters on the response 
of a system can be carried out using Design of Experiments analysis, where preheat 
temperature, mould temperature, moulding pressure and time at pressure should, at 
minimum, be investigated as variables. The response should be strength, where flexural 
strength may provide easier data collection due to more compact specimen size, and 
void content should be avoided due to difficulties in obtaining an absolute value unless 
a significant number of samples are examined. 
 
The tow coating rig was able to produce relatively well impregnated coated tows, 
however the high viscosity of the polypropylene still limited the extent to which the 
fibre bundle could be penetrated. Increased costs associated with producing the 
powdered polymer suggested that this coating method was not the most economical 
processing route, therefore indicating that another process should be developed. From 
the literature, commingled fibre intermediate products showed promise, however the 
integrity of the hybrid yarn may be lost when the fibre is chopped, resulting in poor 
distribution of polymer and high levels of loft. Carbon fibre/PEEK intermediate 
products are currently manufactured using solvent impregnation and this method may 
be suitable, providing that an appropriate solvent can be found for polypropylene. 
Currently polypropylene is only able to be dissolved in a limited number of solvents 
that require high temperature processing to allow dissolution of the polymer. The main 
advantage of this process is that dissolution significantly reduces the polymer viscosity, 
allowing better tow penetration, and mechanical properties are not largely affected 
when the polymer is precipitated.  
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Development of analytical models for these heterogeneous mesoscale architectures is 
critical for commercial use of these products. Despite providing good approximations 
to microscale architectures, current models are unable to predict failure of high 
performance DFCs due to complex failure mechanisms and interactions between fibres 
in the fibre bundles. Additionally, variability is much higher for these architectures, 
which further compounds the difficulty in predicting the mechanical properties. To be 
used as a replacement for well-defined materials such as aluminium and steel, the 
properties must be able to be adequately modelled and failure initiation must be able to 
be predicted. The continued reduction in cost of carbon fibre will no doubt accelerate 
analytical property characterisation, where integration of these models into CAD design 
tools will enable true optimisation of parts using these materials.  
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B. Materials 
Sabic 576P Polypropylene  
Properties  Unit Datasheet  Experimental Test Method 
Polymer Properties         
Melt Flow Rate (MFR)    ISO 1133 
at 230oC and 2.16kg g/10min 19    
at 230oC and 5kg g/10min 58   
Density kg/m3 905   ISO 1183 
Mechanical properties         
Tensile test    ISO 527 
Tensile Strength MPa 30 31.6  
Strain-to-Failure % 700 11a  
Flexural test    ASTM D790 
Flexural Modulus GPa 1.9 1.9  
Izod Impact Notched    ISO 180/4A 
at 23oC kJ/m2 2.5   
Charpy Impact Notched    ISO 179 
at 23oC kJ/m2 2.5 26.64b  
Hardness Shore D - 71   ISO 868 
Thermal Properties         
Heat Deflection Temperature     
at 1.80 MPa (HDT/A) oC 53  ISO 75/A 
at 0.45 MPa (HDT/B) oC 98   ISO 75/B 
     
Table B-1 - Properties of Sabic 576P according to manufacturer’s datasheet and compared to 
experimental results where applicable (a - reduction in strain-to-failure due to compression 
moulding process, b – Un-notched Charpy impact strength) 
 
Eastman G3015 Maleic Anhydride 
Property   Unit  Datasheet Test Method 
Polymer Type       MAPP   
Acid Number mg KOH/g 15   
Ring and Ball Softening Point      °C 156  
Penetration Hardness  dmm <1  ASTM D 5  
Viscosity, Brookfield      
at 125°C  Solid  
at 190°C cP 18,000  
Molecular Weight    47,000    
Table B-2 - Properties of Eastman G3015 Maleic Anhydride from manufacturer's datasheet 
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Hexcel DLS 1776 Epoxy (Developmental System) 
Properties Unit Experimental Test Method 
Tensile Test   BS EN 2747-1 
Tensile Modulus GPa 3.3  
Tensile Strength MPa 65  
Strain-to-failure % 2.5  
Poisson's Ratio  0.38  
Compression Test   ISO 604 
Compressive Modulus GPa 7.5  
Compressive Strength MPa 316  
Strain-to-failure % 4.2  
In-Plane Shear Test   ASTM D7078 
Shear Modulus GPa 2.1  
Shear Strength MPa 32.8  
Strain-to-failure % 1.7   
Density kg/m3 1181  
Table B-3- Mechanical properties of the developmental epoxy systems provided by Hexcel. 
(Mechanical testing performed by M.D. Bond [138]) 
 
Toray T700SC Carbon Fibre 
Property Unit Datasheet Test Method 
Fibre Properties       
Tensile Test   TY-030B-01 
Tensile Modulus GPa 230  
Tensile Strength MPa 4900  
Strain-to-Failure % 2.1  
Density kg/m3 1800 TY-030B-02 
Filament Diameter µm 7  
Yield g/km 800 TY-030B-03 
Sizing Type & Amount Type (%) 50C (1.0) TY-030B-05 
    60E (0.3)   
Functional Properties       
CTE α.10-6/oC 0.38  
Specific Heat Cal/g.oC 0.18  
Thermal Conductivity Cal/cm.s.oC 0.0224   
Table B-4 - Properties of Toray T700SC carbon fibre for both sizing levels used in this study 
from the manufacturer's datasheet 
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Cytec APC-2/AS4 CF.PEEK Tape 
Properties 
Unit Datasheet Experimental Test Method 
Tensile Test    ISO 527 
Tensile Modulus (0) GPa 138 52.5  
Tensile Modulus (90) GPa 10.3 38  
Tensile Strength (0) MPa 2070 325  
Tensile Strength (90) MPa 86 300  
Strain-to-failure  % 1.45 2.3  
Poisson's Ratio  0.3 -  
Flexural Properties    ISO 14125 
Flexural Modulus GPa 124 40.4  
Flexural Strength MPa 2000 675   
Table B-5 - Mechanical properties of Cytec APC-2/AS4 CF.PEEK tape, datasheet values based 
on unidrectional composite at 0.6Vf, experimental data based on discontinuous fibre composite 
also at 0.6Vf 
Hexcel HexMC C/2000/M77 
Properties Unit Datasheet Test Method 
Tensile Test   ASTM D3039 
Tensile Modulus GPa 38  
Tensile Strength MPa 300  
Flexural Test   ASTM D790 
Flexural Modulus GPa 30  
Flexural Strength MPa 500  
Areal Weight g/m2 2000  
Fibre Volume Fraction  0.57  
Fibre Length mm 50  
Density kg/m3 1550   
Table B-6- Properties of HexMC for a 4mm thick moulded plate from manufacturer's datasheet 
Appendix C – Testing Methodology 
140 
C. Testing Methodology 
All of the specimens produced for the following test methods were according to the 
moulding procedure given in Section 3.4.1, and were cut to shape using a bandsaw with 
18tpi carbon steel Duratec blades. Specimens were cut in both the X and Y directions 
of the moulded panels to characterise anisotropy effects (Appendix D). The edges of 
the specimens were subsequently sanded using wet and dry paper, from 400 to 1200 
grit. 
 
Tensile Testing 
Tensile testing was carried out in accordance with ISO 572-4/2/2. A modified Type 2 
specimen was used, where the length and width of the specimen were 150mm and 
25mm respectively, with 75mm spacing between the grips. All specimens had a 
nominal thickness of 3mm. The test speed was 2mm.min-1 in accordance with the 
standard for qualification tests, and were carried out in a temperature controlled 
environment, maintained at 23oC. A clip on extensometer was used to measure the 
initial strain of the material for calculation of the modulus, and was removed at 0.5% 
strain to avoid damage. At least 10 specimens were tested for each sample, where 
specimens that failed at the grips were discarded from analysis. 
 
Flexural Testing 
Flexural testing was carried out in accordance with ISO 14125/I/2. Three-point bending 
was used to characterise the flexural properties, where support radii, R1 and R2, were 5 
± 0.2mm and 2 ± 0.2mm respectively. The specimen type was Class I, which is 
recommended for discontinuous fibre reinforced thermoplastic composites. The 
nominal sample thickness was 3mm, so the specimen geometry was adjusted in 
accordance with Annex A.1 and A.2 of the standard. Therefore the specimen 
dimensions were 60x25x3mm (lxwxh), with a span of 48mm. Testing was carried out 
under a controlled temperature environment at 23oC and at least 10 specimens were 
tested for each sample at a test speed of 2mm.min-1. 
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Charpy Impact Testing 
Charpy impact testing was carried out in accordance with 179-1/2/f/U. The samples 
were unnotched and the blow direction was flatwise. The specimen type was Type 2 in 
accordance with the standard for long-fibre reinforced materials, with dimensions of 
75x15x3mm (lxwxh), where a width of 15mm is recommended for coarse 
microstructures. A span of 60mm was used. The striking velocity for the equipment 
was 3.46m.s-1 and the gravity reading was determined to be 0.05J, which was used to 
correct the readings as detailed in ISO 13802. At least 10 specimens were tested for 
each sample, and testing was carried out under a controlled temperature environment 
at 23oC. 
Appendix D – Density and Anisotropy Measurements 
142 
D. Density and Anisotropy Measurements  
Density measurements were performed using a Mettler Toledo XSE Analytical Balance 
in conjunction with a Mettler Toldeo density measurement kit. Specimen mass was 
measured in air and distilled water at 23oC, where adjustments could be made for 
variations in temperature of either of the fluids. The density was calculated from the 
analytical balance software. The specimens were cut from the ends of the tensile 
samples that had been held in the grips, where the extracted specimen dimensions were 
10x25x3mm. It was found that the grips had imprinted dimples into the surface of the 
specimens during testing, so the samples were lightly sanded to remove the features 
before density measurements were taken. Two samples were tested from every tensile 
testing specimen, with three repeats taken for each sample. 
 
The data recorded for both ends was averaged to obtain an average density for each 
specimen, where the coefficient of variance was found to be approximately 0.5 – 2% in 
most cases. The volume fraction of the specimen was then calculated based on the fact 
that the composite density is a volume weighted average of the fibre and matrix density, 
given by Equation D-1: 
 
𝑉𝑓 =  
𝜌𝑐 −  𝜌𝑚
𝜌𝑓 − 𝜌𝑚
 
Equation D-1 - calculation of composite volume fraction based on the recorded composite 
density (ρc) and the fibre and matrix densities (ρf and ρm) 
From the calculated density the strength and stiffness values were normalised to the 
nominal volume fraction, which assumed that there was a linear relationship between 
the properties. Table D-1 shows the average values recorded for each of the CF.mPP 
samples. 
Sample 
Volume Fraction Strength Modulus 
X̅ CoV (%) X̅ CoV (%) X̅ CoV (%) 
CF15.mPP 0.14 5.2 55.43 20.2 8.03 25.5 
CF25.mPP 0.25 4.4 98.08 10.1 14.2 17.6 
CF35.mPP 0.34 2.8 96.64 10.6 17.6 11.8 
CF45.mPP 0.43 0.9 96.17 18.2 27.4 18.9 
Table D-1 - Global fibre volume fraction data obtained from density measurements of tensile 
test specimens 
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Interestingly, the coefficient of variance decreased with increasing volume fraction, 
which was due to more homogeneous fibre distribution in the higher volume fraction 
samples. All of the volume fractions recorded were within 0.02 of the nominal volume 
fraction, which allowed reliable normalisation of the data to the nominal values. Figure 
D-1 shows the strength and stiffness data respectively plotted against the volume 
fractions determined from the density measurements. These figures also highlight the 
variability of the recorded data, and despite having the lowest CoV for volume fraction, 
the CF45.mPP showed high levels of variability compared to CF25.mPP and 
CF35.mPP. 
 
 
Figure D-1 – Tensile strength data (top) and tensile modulus data (bottom) plotted against 
calculated volume fraction from density measurements 
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The level of anisotropy was also investigated for the tensile test data by extracting 
specimens from both the X and Y directions of the moulded panels and the data is given 
in Table D-2. 
 
Sample Stiffness (GPa) Strength (MPa) 
X Y X/Y X Y X/Y 
CF15.mPP 9.5 8.5 1.1 69.2 53.3 1.3 
CF25.mPP 14.3 14.2 1.0 99.7 98.2 1.0 
CF35.mPP 18.4 17.2 1.1 108.4 93.5 1.2 
CF45.mPP 33.0 25.9 1.3 117.2 89.8 1.3 
CF45.PP 24.5 19.8 1.2 63.1 55.4 1.1 
CF45.EP 38.1 32.8 1.2 256.8 220.6 1.2 
Table D-2 - Anisotropy data recorded from tensile testing 
The X/Y values show the degree of anisotropy for the samples, with a value of 1 
corresponding to an isotropic laminate. The highest levels of anisotropy were found for 
the CF45.mPP data, which agrees with high levels of variability also reported for these 
specimens. The CF15.mPP also showed high levels of anisotropy, which was due to 
poor distribution of fibres in the composite at low volume fractions. This was largely 
unavoidable due to the mesoscale architectures used, although an increase of volume 
fraction to 0.25 resulted in an almost perfectly isotropic panel. As the fibres were 
distributed by hand orientation bias could not be completely removed, despite using a 
number of methods to minimise it. By averaging the values recorded from each plane, 
the pseudo-isotropic mechanical properties were obtained and this data was reported in 
Chapter 6.
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E. Microbond Analysis 
One of the methods for analysing the quality of droplet formation for the microbond 
test, was to plot the embedded length against the droplet diameter, where linear 
regression should accurately model the data and pass through the origin. The degraded 
CF.PP sample, not shown here, appeared to have reasonable agreement between the 
droplet diameter and embedded length, however when it was plotted, the R2 value was 
0.75, much lower than seen for the non-degraded systems. This implies that this quick 
screening method is useful for detecting degradation in microbond samples. 
 
 
Figure E-1 – Droplet diameter vs. embedded length plots for samples without maleic anhydride 
(top) and samples with maleic anhydride (bottom)
R² = 0.9878
R² = 0.9838
R² = 0.9799
0
50
100
150
200
250
300
350
0 50 100 150 200 250 300 350 400
D
ro
p
le
t 
D
ia
m
et
er
 (
µ
m
)
Embedded Length (µm)
CF.PP
CFP.PP
CFS.PP
R² = 0.9774
R² = 0.9646
R² = 0.9632
0
50
100
150
200
250
0 50 100 150 200 250 300
D
ro
p
le
t 
D
ia
m
et
er
 (
µ
m
)
Embedded Length (µm)
CF.mPP
CFP.mPP
CFS.PP
Appendix F – Material Properties of Discontinuous Fibre Composites 
146 
F. Material Properties of Discontinuous Fibre 
Composites 
Class Fibre Matrix Vf Modulus Strength Density Ref 
        GPa MPa g/cm3   
Short Fibre  Glass PA6 0.05 6.2 50 1.21 [40] 
 0.10 7.2 90 1.28 
 0.15 7.8 115 1.35 
  0.22 8.1 135 1.45 
PA6 0.07 - 112 1.24 [309] 
 0.16 - 137 1.37 
PP 0.05 - 60 0.98 
  0.13 - 79 1.12 
PP 0.08 5.0 49 1.03 [38] 
 0.16 6.9 49 1.17 
  0.25 8.7 50 1.32 
PA6,6 0.16 8.7 123 1.37 [310] 
 0.17 8.9 126 1.38 
  0.18 8.5 164 1.39 
PBT 0.05 6.0 59 1.36 [311] 
 0.11 9.0 90 1.44 
 0.19 12.0 118 1.54 
 0.34 19.0 122 1.73 
 0.49 21.0 - 1.92 
PP 0.08 6.0 48 1.03 
 0.16 8.0 72 1.16 
  0.36 15.0 - 1.50 
PA6 0.18 - 201 1.39 [312] 
 0.19 - 190 1.40 
PP 0.10 - 61 1.07 
 0.10 - 57 1.07 
PBT 0.18 - 142 1.53 
 0.18 - 137 1.53 
PA6,6 0.16 - 183 1.37 [24] 
PA6 0.16 - 162 1.37 
ABS 0.16 - 134 1.30 
PET 0.16 - 152 1.57 
PC 0.16 - 130 1.43 
PVC 0.16 - 113 1.56 
PSU 0.16 - 127 1.45 
PS 0.16 - 88 1.29 
PE 0.16 - 63 1.20 
PP 0.16 - 55 1.17 
PA6 0.30 13.0 191 1.57 [24] 
 0.23 12.1 193 1.47 
 0.23 11.0 154 1.47 
 0.30 17.6 282 1.57 
 0.23 12.3 210 1.47 
  0.23 11.3 170 1.47 
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PP 0.04 5.0 40 0.96 [35], 
[49]  0.08 9.0 90 1.03 
 0.13 12.0 110 1.12 
 0.19 14.0 110 1.22 
 0.26 13.0 100 1.33 
 0.39 - 60 1.55 
  0.51 - 30 1.75 
PP 0.13 3.1 66 1.12 [286] 
  0.13 3.0 45 1.12 
PA6 0.04 - 90 1.20 [304] 
 0.06 - 100 1.23 
 0.07 - 120 1.24 
 0.11 - 130 1.30 
 0.14 - 145 1.34 
  0.16 - 160 1.37 
PP 0.02 0.5 14 0.93 [313] 
Carbon PP 0.08 11.0 57 0.97 [38] 
 0.16 13.3 58 1.04 
  0.25 14.5 58 1.12 
PEEK 0.10 6.2 130 1.35 [314] 
  0.30 12.0 211 1.44 
PP 0.15 2.0 40 1.04 [315] 
PPMA 0.16 2.4 50 1.04 
PP/EP 0.16 3.4 90 1.08 
PPMA/EP 0.16 2.9 25 1.06 
PP 0.03 0.6 17 0.92 [313] 
PP 0.02 2.5 16 0.92 [316] 
 0.04 2.0 17 0.94 
 0.06 2.3 19 0.95 
 0.08 3.0 19 0.97 
  0.20 6.0 30 1.08 
PC 0.30 12.1 120 1.38 [72] 
  0.30 14.1 140 1.38 
Short 
Aligned 
Fibre  
Glass Epoxy 0.25 - 110 1.58 [24] 
 0.40 - 183 1.77 
 0.25 - 145 1.58 
 0.40 26.9 190 1.77 
 0.40 24.1 230 1.77 
 0.57 34.5 240 2.00 
  0.57 39.3 310 2.00 
Carbon ABS 0.06 8.0 55 1.10 [57] 
 0.13 10.0 60 1.15 
 0.20 14.0 75 1.21 
  0.28 17.0 75 1.26 
Long Fibre  Glass PP 0.18   140 1.20 [317] 
PA6 0.16 8.5 168 1.37 [318] 
PA6,6 0.16 9.5 158 1.37 
PP 0.30   115 1.40 [319] 
 0.40  138 1.56 
 0.54   155 1.80 
PP 0.13   60 1.12 [320] 
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ABS 0.15  78 1.29 
PA6 0.16  112 1.37 
PET 0.18   126 1.59 
PP 0.10 3.8 35 1.07 [36] 
 0.15 5.1 37 1.15 
 0.20 5.5 38 1.23 
 0.25 6.8 36 1.32 
 0.30 7.0 34 1.40 
PP 0.04 2.5 41 0.96 [49] 
 0.11 4.5 57 1.07 
 0.13 4.7 69 1.12 
 0.04 2.5 35 0.96 
 0.08 3.2 42 1.03 
PP 0.11 4.4 57 1.07 
 0.13 5.0 60 1.12 
 0.19 6.5 68 1.22 
 0.35 8.2 95 1.47 
PP 0.19 6.0 90 1.22 [197] 
 0.13 4.7 85 1.13 
 0.08 3.5 55 1.02 
PBT 0.22 8.3 104 1.59 
PET 0.23 7.8 120 1.57 
PC 0.20 7.6 124 1.39 
PP 0.19 10.9 123 1.22 
PA6 0.23 13.1 214 1.47 
PP 0.13 4.2 55 1.10 
Carbon Epoxy 0.21 14.0 55 1.36 [51] 
 0.24 17.0 120 1.38 
 0.25 19.0 122 1.38 
 0.27 20.0 160 1.39 
 0.29 22.0 155 1.40 
  0.30 27.0 180 1.41 
Epoxy 0.08 8.0 48 1.29 [321] 
 0.21 16.0 120 1.36 
 0.34 24.0 170 1.43 
  0.39 28.0 205 1.46 
Epoxy 0.09 9.0 45 1.30 [62] 
 0.21 17.0 95 1.36 
 0.32 25.0 110 1.42 
  0.45 30.0 195 1.49 
Epoxy 0.26 16.0 75 1.39 [322] 
  0.35 27.0 195 1.44 
PET 0.13 11.0 135 1.43 [323] 
 0.18 14.0 165 1.45 
 0.26 19.0 190 1.48 
 0.14 11.0 140 1.44 
 0.18 13.0 150 1.45 
 0.28 16.0 190 1.49 
PP 0.10 9.0 55 0.99 
 0.17 11.0 70 1.05 
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 0.22 16.0 90 1.09 
  0.26 18.0 110 1.13 
PA12 0.10 10.0 155 1.11 [34] 
 0.20 13.0 200 1.18 
  0.30 24.0 250 1.26 
Epoxy 0.20 9.5 67 1.36 [303] 
 0.40 24.8 149 1.46 
  0.40 21.8 162 1.46 
PPS 0.16 14.7 107 1.41 [324] 
 0.16 16.8 133 1.41 
 0.16 17.4 146 1.41 
 0.33 30.5 174 1.49 
 0.33 30.3 200 1.49 
  0.33 30.3 191 1.49 
Long 
Aligned 
Fibre  
Glass Epoxy 0.50 31.0 290 1.91 [325] 
 0.48 27.0 300 1.88 
 0.65 28.0 110 2.10 
PA12 0.40 17.0 225 1.71 
PE 0.15 3.0 38 1.45 
BMI/EP 0.09 - 45 1.37 
Carbon Epoxy 0.32 36.9 133 1.42 [322] 
 0.35 56.1 208 1.44 
 0.34 62.8 312 1.43 
 0.33 47.9 255 1.42 
 0.36 66.7 425 1.44 
  0.37 74.5 462 1.44 
Epoxy 0.45 80.0 425 1.49 [26] 
PC 0.15 21.0 105 1.30 [28] 
  0.28 32.0 160 1.37 
Epoxy 0.42 80.0 800 1.47 [26] 
  0.56 116.0 1500 1.55 
Epoxy 0.55 119.0 1211 1.54 [326] 
Epoxy 0.35 60.0 650 1.44 [327] 
PA 0.55 130.0 1696 1.49 [325] 
Epoxy 0.60 161.0 2625 1.57 
 0.20 63.0 535 1.25 
 0.55 119.0 1211 1.54 
PPS 0.57 136.0 1500 1.59 
PEI 0.50 100.0 1100 1.53 
Epoxy 0.55 115.0 1509 1.54 
PES 0.49 99.0 1000 1.57 
Epoxy 0.55 110.0 710 1.54 
  0.35 55.0 293 1.44 
PP 0.15 21.0 105 1.03 [28] 
  0.28 33.0 160 1.15 
Continuous 
Fibre  
Glass (QI) PBT 0.54 18.8 302 1.99 [328] 
    0.54 20.6 356 1.98 
Glass (0/90) PP 0.35 13.0 256 1.70 [185] 
Glass (bal. twill)  0.35 13.0 265 1.50 
Glass (4/1)  0.35 22.0 390 1.50 
Glass (UD)  0.45 31.0 790 1.70 
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 PET 0.50 37.6 870 1.90 
Glass (0/90)  0.50 25.0 310 1.90 
Glass (6HS) PA6,6 0.45 23.0 420 1.80 
Glass (8H) PEI 0.50 20.0 350 1.90 
Carbon (5HS) PA12 0.56 60.0 620 1.45 [163] 
Carbon (0/90) PA6 0.40 28.3 296 1.40 [90] 
  0.50 48.1 393 1.46 
  0.60 50.2 410 1.52 
 PA6,6 0.60 51.2 312 1.52 
Carbon (0/90) PP 0.38 - 234 1.23 [329] 
  0.35 - 282 1.21 
 HDPE 0.53 - 330 1.53 
 PET 0.58 - 441 1.61 
 Epoxy 0.45 - 461 1.49 
Carbon (5HS) PA12 0.58 62.9 788 1.47 [162] 
 Epoxy 0.60 69.0 625 1.57 
 PEI 0.58 62.3 544 1.60 
Carbon (plain) Epoxy 0.55 56.3 659 1.54 
 PA66 0.55 66.0 880 1.49 
Carbon (NCF) Epoxy 0.40 51.0 597 1.46 [303] 
    0.40 51.2 656 1.46 
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